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EDITORIAL 


Why we need fetal tissue research 


vocal minority in the United States is intent on 
stopping federal funding for research using hu- 
man fetal tissue, citing stem cell-based or other 
alternatives as adequate. This view is scientifical- 
ly inaccurate. It ignores the current limitations of 
stem cell research and disregards the value of fe- 
tal tissue research in finding therapies for incur- 
able diseases. If there is to be continued rapid progress 
in treating cancer, birth defects, heart disease, and infec- 
tious diseases, then we need fetal tissue research. 
Life-saving advances, including the development of vac- 
cines against rubella, rabies, and hepatitis A viruses, and 
antiviral drugs that prevent 
HIV/AIDS, required fetal tis- 
sue research. Today, fetal tis- 
sue is being used to develop 
new medicines including 
vaccines for HIV/AIDS, pre- 
ventives for Zika virus, and 
immunotherapies to battle 
untreatable cancers. 
Although research into 
alternatives is worthwhile, 
there are several aspects 
of fetal tissue research for 
which alternatives do not 
and will not exist. For ex- 
ample, to discover which 
fetal cells go awry and 
cause childhood cancers 
such as retinoblastoma, a 


Fetal brain tissue 


oe 


cancer of the eye, or rhab- ..fetal tissue remains an essential 
resource for many applications.” 


domyosarcoma, a muscle 
cancer, we must understand 
which cells are the culprits. 
For that, we need access to relevant fetal tissues. Zika vi- 
rus can cross the placenta and attack specific fetal brain 
cells. To determine the mechanism of viral entry, which 
cell types are vulnerable, and how to prevent infection 
and damage, we need access to fetal brain tissue. Beyond 
diseases affecting children, some forms of hereditary Al- 
zheimer’s disease cause neural impairments in utero that 
persist over decades and manifest later in life. Without 
access to fetal cells, we cannot understand and effectively 
combat diseases that begin in utero. 

Fetal tissue alternatives for some applications may 
be developed as science advances, but this will take 
time. The transition to any new model of research 
should be data-driven and based on scientific evidence. 
Opponents of fetal tissue research state that human 
stem cell-derived organoids are adequate models, sup- 


planting fetal tissue research, but that is incorrect. 
Organoids typically do not fully mirror the complex 
cellular composition and architecture of fetal organs. 
Although organoids may prove valuable to model some 
diseases, critically, access to fetal tissue is required for 
validation of these and any proposed alternatives. For 
example, mice that model the human blood system are 
produced through transplants of human fetal liver and/ 
or thymus tissue to provide a near full complement of 
long-lived human blood cells. These animal models are 
needed to develop therapies that involve the immune 
system, such as HIV vaccines and new chimeric anti- 
gen receptor (CAR) T cell- 
based cancer treatments. 
Alternative mouse models 
using human neonatal thy- 
mus are being explored but 
may lack the variety and 
sustained production of 
blood cells produced from 
fetal liver or autologous 
bone marrow, and supply 
is limited to thymus taken 
from infants undergoing 
congenital heart surgery, 
sometimes associated with 
concomitant immune prob- 
lems that confound results. 
It would be a grave injus- 
tice to the patients and 
families afflicted by dis- 
eases that benefit from this 
research to prematurely 
halt production of fetal 
tissue models. 

Although alternatives may be established in some cases, 
fetal tissue remains an essential resource for many appli- 
cations. It is important to remember that the fetal tissue 
used in research would otherwise be discarded and thus 
unavailable in the fight against disease. U.S. researchers 
also follow rigorous, well-established medical and ethical 
standard practices for this research. Fetal tissue research 
has been supported for decades by both Republican and 
Democratic administrations and congresses. Rigorous 
U.S. government-sponsored review processes have also 
concluded that this research is ethical and valuable. 

If we are to achieve medical advances for currently 
incurable diseases, the path forward must include fetal 
tissue research, for which continued public support is 
most critical at this time. 

-Sally Temple and Lawrence S. B. Goldstein 
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&& We need a rigorous, scientific 
postmortem on Russian misinformation to harden 
our democracy against future attacks. 99 


Sinan Aral, of the Massachusetts Institute of Technology, in The Washington Post. 
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ENVIRONMENT 


Fish kill reignites Australian water fight 


= J 
4 A 


ri 


LT. 


Dead carp lie on the shores of Lake Hawthorn, part of the Murray-Darling Basin in Australia, in 2007. 


ore than 1 million fish have died in the Murray-Darling river 
system in New South Wales and adjacent states in Australia 
in recent weeks—despite a 2012 water-sharing agreement, 
touted as historic, that was supposed to avoid such catas- 
trophes. The die-off is due to the combined effects of a heat 
wave, low water levels, and algae blooms, which starved 
the fish of oxygen when they decayed. Farmers blame a monthslong 
drought, but environmentalists say too much water has been drawn 
for irrigation from the network of rivers, which stretches through 
a 1-million-square-kilometer basin in the country’s southeast. The 
2012 plan promised to balance the demand for drinking water and 
irrigation with environmental needs (Science, 7 December 2012, 
p. 1273). But enforcement of water diversion limits has been lax, 
says John Quiggin, an environmental economist at the University of 
Queensland in Brisbane, Australia, and the federal government has 
refused to buy back water rights from farmers, as the plan stipulated. 
Climate change could exacerbate stresses on the ecosystem, he says, 
and cause “irrecoverable damage.” 
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India’s quantum computing push 


FUNDING | The Indian government quietly 
unveiled a $12 million Quantum Enabled 
Science & Technology program last week. 
The funds, to be spent over 3 years, will 
build infrastructure and hire researchers 
to help realize the country’s ambitious new 
goal: being at the forefront of the quantum 
computing revolution within 10 years. 
Indian policymakers often lament that the 
country missed the computer hardware 
revolution of the 1970s, despite having 
played a significant role in developing 
software. Now, they don’t want to miss the 
quantum computing boat. 


Radio telescopes plan global pact 


ASTRONOMY | Radio astronomers intend 
to link two of their biggest planned projects, 
the Square Kilometre Array (SKA)—a 
12-nation effort to build thousands of radio 
antennas across swaths of South Africa and 
Australia—and the U.S. Next Generation 
Very Large Array (ngVLA). Designs for the 
ngVLA include 214 18-meter dishes across 
New Mexico, Texas, Arizona, and northern 
Mexico, as well as 30 more far-flung dishes 
in Hawaii, British Columbia in Canada, 

the US. Virgin Islands, and elsewhere; the 
dishes will pool their data to achieve un- 
precedented resolution. Tony Beasley, direc- 
tor of the U.S. National Radio Astronomy 
Observatory in Charlottesville, Virginia, told 
the American Astronomical Society meeting 
in Seattle, Washington, last week that ngVLA 
planners are in discussions with their SKA 
counterparts on a reciprocal agreement to 
allow researchers access to both observa- 
tories. Neither array, however, has yet been 
approved for construction. 


Space ‘Cow’ mystery endures 


ASTRONOMY | Astronomers admitted last 
week they are flummoxed by an unusually 
bright glow in the sky that appeared sud- 
denly one day in June 2018. After months of 
study, they still aren’t sure what the object— 
officially called AT2018cow, but universally 
referred to as the “Cow’—is or what caused 
it. At the American Astronomical Society 
meeting last week in Seattle, Washington, 
researchers described using dozens of 
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PALEOECOLOGY 


Amite-y record of the Incan' Empire 


he history of the Andes might well be told through llama 
poop. During the Incan Empire, which lasted from 1438 to 
1533, thousands of llamas carrying trade goods such as 
salt and coca leaves marched through the Marcacocha 
Basin, once the site of a small lake in highland Peru. Their 
dung washed into the lake, where it was eaten by oribatid mites, 
a half-millimeter-long relative of spiders. The more llamas that 
passed through Marcacocha, the more excrement they left, 
and the larger the mite populations could grow. Researchers 
counted the mites in a sediment core and found that their 


telescopes to study the Cow, located in a 
small galaxy about 200 million light-years 
away. It didn’t behave like a distant super- 
nova, and its position ruled out a black hole 
ripping apart a star. Its steady brightness 
over several weeks suggests it was powered 
by some kind of “central engine.” Whatever 
the Cow is, says astronomer Liliana Rivera 
Sandoval of Texas Tech University in 
Lubbock, “It’s super weird.” 


AT2018cow is the farther right of two bright spots 
in the lower right of this galaxy. 
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like Marcacocha. 


James Watson stripped of titles 


PEOPLE | Cold Spring Harbor Laboratory 
(CSHL) in New York has severed its ties 

to James Watson after the Nobel laureate 
reiterated the belief that black people are 
intrinsically less intelligent than white 
people. Watson retired as CSHL chancel- 
lor in 2007 and apologized after his earlier 
comments appeared in London’s The 
Times. But this month, Watson said in a 
PBS documentary that his views about 
genetics and intelligence have not changed. 
In a statement, CSHL said it “unequivocally 
rejects [Watson’s] unsubstantiated and 
reckless personal opinions” and has 
revoked Watson’s titles of chancellor emeri- 
tus, Oliver R. Grace professor emeritus, 
and honorary trustee. 


Plagiarism at integrity meeting 


ETHICS | Researchers studying integrity 
might be expected to be full of that rare 
quality. That’s why organizers of the sixth 


Published by AAAS 


population boomed during the Incan Empire and plummeted 
after the Spanish arrived, tracking the deaths of huge numbers 
of the Indigenous people and their animals. A more commonly 
used environmental proxy, spores of the dung-dwelling fungus 
Sporormiella, didn't track those historical events, the team 
reports in the Journal of Archaeological Science. Rather, the 
number of spores boomed during dry periods that shrank the 
lake. The researchers suggest that mites are better than the 
fungus for tracking llama populations in small, shallow lakes 


World Conference on Research Integrity, to 
be held in Hong Kong, China, in June, were 
surprised to receive an abstract that was, 
instead, full of apparent plagiarism. After 
combing through all 430 submissions, they 
discovered 11 additional cases of suspected 
plagiarism. When they reached out to the 
authors of the abstracts—two of which, 
ironically, were about plagiarism—six 
didn’t respond, one withdrew their submis- 
sion, one blamed staff, and two said they 
had permission to use each other’s work. 
Only two gave “acceptable” explanations, 
the organizers reported last week on the 
Retraction Watch blog. 


Harassment bill introduced 


U.S. CONGRESS | Representative Eddie 
Bernice Johnson (D-TX), who became chair 
of the science committee in the U.S. House 
of Representatives this month, has already 
introduced three bills that signal her 
interest in topics that previous Republican 
leadership has shunned—and her interest 
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in bipartisanship. She teamed up with 
Representative Frank Lucas (OK), the 
panel’s top Republican, on a bill that would 
make agencies adopt common policies 

for handling allegations of sexual harass- 
ment and encourage the National Science 
Foundation (NSF) to do research on the 
topic. The panel’s top lawmakers are also 
jointly sponsoring legislation to strengthen 
clean water programs at the Department 
of Energy. A third bill—likely much more 
controversial and lacking bipartisan 
support—would authorize NSF and three 
other agencies to fund research on the 
causes and consequences of gun violence. 


Biologists flock to preprints 


PUBLISHING | Last year saw rapid growth 
in the number of biologists posting papers 
to the preprint server bioRxiv and in the 
total number of papers. The server still 
hosts only a small fraction of all new bio- 
logy papers, but it has provided an out- 
let to authors looking to quickly share 
research findings. More preprints were 
posted in the first 11 months of 2018— 
18,825—than in the years since the server 
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BioRxiv gains fans 
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launched in 2013. Nearly two-thirds of 
preprints posted in 2017 or earlier were 
later published in journals, report Richard 
Abdill and Ran Blekhman of the University 
of Minnesota in Minneapolis this week in 
a bioRxiv preprint. The researchers also 
unveiled Rxivist.org, a website that allows 
users to sort bioRxiv preprints by number 
of downloads or Twitter mentions. 


World Bank head resigns early 


PEOPLE | Jim Yong Kim, president of 
the World Bank in Washington, D.C., 
announced last week that he would step 


mee 


East Antarctica’s ice is melting rapidly 


he vast majority of Antarctica’s ice melt, which is responsible for at least 

13.8 millimeters of sea level rise over the past 40 years, was long thought to come 

from the unstable West Antarctic Ice Sheet. Now, a study using 40 years of satel- 

lite imagery finds that the East Antarctic Ice Sheet is losing a substantial quantity 

of ice as well. Over the past 4 decades, that loss accounted for more than 30% 
of the sea level rise attributed to the continent, researchers report this week in the 
Proceedings of the National Academy of Sciences. East Antarctica, which has 10 times 
as much ice as the continent’s western half, was long thought to be insulated from cli- 
mate change because it rests on land, largely protected from warming ocean waters. A 
2018 Nature paper estimated the region was actually gaining ice. If confirmed, the new 
results could dramatically reshape projections of sea level rise for the next century. 
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down on 1 February, 3 years before the end 
of his term. Kim, a physician and anthropo- 
logist, was nominated by then-President 
Barack Obama in 2012 and in 2016 was 
appointed to a new term that runs through 
2021. His departure has raised questions 
about whether the bank’s board will fol- 
low a long-standing tradition and accept 
whomever the U.S. president nominates. 

In a statement, the World Bank said Kim 
plans to join a firm that will “focus on 
increasing infrastructure investments in 
developing countries” and rejoin the board 
of Partners in Health, a Boston-based 
nonprofit organization that provides health 
care in developing countries. 


Germany inks open-access deal 


PUBLISHING | This week, a consortium of 
German libraries, universities, and research 
institutes signed a first-of-its-kind open- 
access deal with the publisher Wiley. In 
exchange for an annual lump sum, Wiley 
will make papers from authors at more 
than 700 institutions freely available online. 
Researchers at the German institutions will 
also gain access to all Wiley journal papers 
published since 1997. At Wiley’s request, 
the details of the payment plan won’t be 
disclosed for 30 days. Negotiators for the 
consortium, called Project DEAL, hope the 
step will push Elsevier and Springer toward 
similar deals. Hundreds of institutes in 
Germany, including the Max Planck Society, 
lost access to Elsevier journals after con- 
tracts ran out. 


Europe plans newest collider 


PARTICLE PHysics | This week, European 
scientists released a conceptual design for 
a successor to the world’s biggest atom 
smasher, the 27-kilometer-long Large 
Hadron Collider (LHC) at CERN, the 
European particle physics laboratory near 
Geneva, Switzerland. The plan envisions a 
ring 100 kilometers in circumference that 
would collide electrons and positrons and 
study in detail the Higgs boson, the weird 
new particle the LHC discovered in 2012. 
The €9 billion accelerator would begin to 
operate around 2040, after the LHC shuts 
down. After the electron-positron collider 
has done its work, its tunnel might house 
an even more ambitious €15 billion collider 
that, like the LHC, would bash protons 
together, but would reach far higher ener- 
gies than any previous machine. CERN has 
competition from physicists in China with 
similar plans. 
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Shake-up threatens novel U.S. ecology facility 


NEON science head quits, advisers fired after Battelle replaces two top managers 


By Jeffrey Mervis 


he National Ecological Observatory 

Network (NEON), a half-billion-dollar 

facility funded by the National Sci- 

ence Foundation (NSF), hopes to 

revolutionize ecology by collecting an 

unprecedented amount of data about 
long-term environmental changes across 
North America. But as NEON prepares to 
begin full operations, an abrupt leadership 
shake-up threatens to alienate the scientists 
who will be using those data and, thus, are 
essential to its success. 

On 8 January, Sharon Collinge, NEON’s 
chief scientist and principal investigator, re- 
signed 4 days after Battelle Memorial Insti- 
tute, which manages the network, fired two 
senior managers without her knowledge or 
consent. Within hours of Collinge’s resigna- 
tion, Battelle dissolved NEON’s 20-member 
technical advisory committee, heading off a 
possible mass resignation of panel members 
opposed to Battelle’s actions. The rapid-fire 
developments came after years of cost over- 
runs, construction delays, and debate over 
the project’s scientific merits and left many 
researchers bewildered and concerned. 

Battelle “just burned some of the most 
prominent ecologists in the country,’ says 
Ankur Desai, an atmospheric scientist at 
the University of Wisconsin in Madison 
who served on NEON’s now disbanded 
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Science, Technology & Education Advisory 
Committee (STEAC). “This has put the proj- 
ect at massive risk.” He and other former 
STEAC members want the advisory panel 
reinstated and its role strengthened. Dis- 
banding it “leaves NEON open to missteps 
and ... is breeding mistrust in the user com- 
munity,’ they wrote in a 14 January letter to 
Battelle executives and NSF leadership. 
The upheaval is NEON’s latest self- 
inflicted wound. First proposed by then- 
NSF Director Rita Colwell in 2000, the 
project has chewed up half a dozen scien- 
tific directors—Collinge lasted less than a 
year—ensnared two contractors, prompted 
a congressional inquiry over spending and 
management practices, and generated a 
seemingly endless stream of critical reviews 
by outside experts. Many ecologists also 
worry that NEON’s $65-million-a-year oper- 
ating budget will reduce the NSF funding 
available for ecological research that doesn’t 
rely on data from the 81-site facility, which 
is headquartered in Boulder, Colorado. 
Battelle took over NEON in 2016, after NSF 
fired the project’s original contractor, and the 
Columbus-based nonprofit is widely credited 
with putting the project on the right track. 
By the end of 2018 it had completed work on 
all but one of NEON’s data-collecting sites, 
for $10 million less than the latest projected 
cost of $469 million. At a meeting in Novem- 
ber 2018, members of the National Science 
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Ecologists take 
vegetation measure- 
ments in 2018 at 
NEON’s Toolik Lake site 
in northern Alaska. 


Board, NSF's _presi- 
dentially appointed 
oversight body, wel- 
comed the progress. 
“T feel we are in a 
very happy place,” 
said Inez Fung, an atmospheric scientist at 
the University of California, Berkeley, who 
had led an ad hoc panel created to keep close 
tabs on NEON. (Fung has since rotated off 
the board.) “I am looking forward to very 
great discoveries,’ she added. 

But this month’s events have clouded 
NEON’s future. On 4 January, Battelle ex- 
ecutives removed Richard Leonard, who 
had overseen the project’s turnaround, and 
ecologist Wendy Gram, a senior manager 
and head of engagement who had worked at 
NEON since 2008. Within minutes, both had 
been escorted out of NEON’s headquarters. 

Collinge, who took a 2-year leave from 
the University of Colorado in Boulder when 
she joined NEON in February 2018, says 
Battelle gave her no notice of the firings. 
She sees them as the final straw in a series 
of developments that had undermined her 
ability to lead the observatory. 

“T have not been granted the authority 
to be successful,’ she wrote to Battelle of- 
ficials as she announced her decision to re- 
turn a year early to her tenured position as 
a professor of environmental studies. Bat- 
telle had promised that she would have the 
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power to “allocate resources, both human 
and financial,’ Collinge says, and the firings 
were a breach of that agreement. 

Battelle, however, has said Collinge could 
not have hiring and firing authority be- 
cause she is not an employee of the non- 
profit. And Patrick Jarvis, Battelle’s senior 
vice president of marketing and commu- 
nications, says a management change was 
needed as NEON shifts from construction 
to operation. 

“Since we are shifting our focus, we de- 
cided to streamline our management struc- 
ture to use our funds most efficiently,’ Jarvis 
told Science. He says soil scientist Eugene 
Kelly, who spent a year as NEON’s top sci- 
entist during the transition to Battelle, has 
agreed to return in an acting capacity until 
a permanent observatory director is hired. 
The new head will have “a free hand” in 
deciding how to reconstitute any advisory 
structure, Jarvis adds. 

Restoring the committee is crucial, some 
former members of NEON’s advisory panel 
say. STEAC was “the primary means of com- 
munication and guidance between the sci- 
entific community and NEON,” they note 
in their letter. “These [advisory] structures 
must be able to tell an organization what 
it may not want to hear, without fear of re- 
taliation,’ they write. That independence 
was lacking, say former STEAC members, 
because the panel reported to Battelle, 
not to NSF—a relationship that appears 
to be unique among the many large fa- 
cilities that NSF has funded and operates 
through contractors. 

How NSF responds to the latest crisis will 
be key to NEON’s future. But its reaction 
has been muted by the current partial gov- 
ernment shutdown, which has furloughed 
the NSF staffers who oversee the project. 

One question is whether Battelle’s con- 
tract to manage NEON will be renewed 
when the current agreement ends in Sep- 
tember 2020. NSF selected the firm “be- 
cause they know how to build things and 
because we were facing a crisis,” says Fung, 
adding that board members expect “a ro- 
bust competition” for the next contract. 

Some scientists wonder whether it’s time 
for a change. “Battelle rescued NEON and 
did an excellent job of building it out,” says 
plant biologist Scott Collins of the Uni- 
versity of New Mexico in Albuquerque, a 
STEAC member who worked at NSF when 
NEON was hatched. “But they don’t know 
how to run an ecological observatory.” 

Despite the current turmoil, ecologists 
are still rooting for NEON to succeed. But a 
tweet Desai posted shortly after getting the 
news about this month’s shake-up reflects 
what many worry might happen instead: 
“Great data, no users, no trust = failure.” 
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Did neurons arise from 
an early secretory cell? 


Cell lineage studies of comb jellies and other creatures may 
suggest a single ancient origin of the nervous system 


By Elizabeth Pennisi, in Tampa, Florida 


wimming through the oceans, vo- 

raciously consuming plankton and 

other small creatures—and occasion- 

ally startling a swimmer—the beau- 

tiful gelatinous masses known as 

comb jellies won’t be joining Mensa 
anytime soon. But these fragile creatures 
have nerve cells—and they offer insights 
about the evolutionary origins of all ner- 
vous systems, including our own. Inspired 
by studies of a glue-secreting cell unique to 
these plankton predators, researchers have 
now proposed that neurons emerged in the 
last common ancestor of today’s animals— 
and that their progenitors were secretory 
cells, whose primary function was to release 
chemicals into the environment. 

Joseph Ryan, a computational evolution- 
ary biologist the University of Florida Whit- 
ney Laboratory for Marine Bioscience in 
St. Augustine, suggested that scenario last 
year after tracing the development of nerve 
cells in embryos of comb jellies, among the 
most ancient animals. Earlier this month at 
the annual meeting of the Society for In- 
tegrative and Comparative Biology (SICB) 
here, he marshaled evidence from develop- 
mental studies of other animals, all point- 
ing to common origins for some neuron 
and secretory cells. 

“What Ryan is proposing is novel and 


important,” says David Plachetzki, an evo- 
lutionary biologist at the University of New 
Hampshire in Durham. Among other mys- 
teries, it could resolve a long debate about 
whether the nervous system evolved twice 
early in animal life. 

Today, nerve cells are among the most 
specialized cell types in the body, able to 
transmit electrical signals, for example. 
Some versions talk to each other, others 
relay information from the environment to 
the brain, and still more send directives to 
muscles and other parts of the body. They 
are an almost universal feature of animals; 
only sponges and placozoans, an obscure 
group of tiny creatures with the simplest 
of animal structures, lack them. 

When and how the animal nervous sys- 
tem arose has remained murky, however. 
Ryan and Whitney lab postdoctoral fellow 
Leslie Babonis were drawn into the debate 
by their recent analysis of the developmen- 
tal origin of the colloblast, a specialized 
cell unique to most comb jellies. Studding 
the tentacles of comb jellies, the cells se- 
crete glue that grabs passing prey. 

By tracing the development of individ- 
ual cells in comb jelly embryos and moni- 
toring each cell’s gene activity, Babonis 
discovered that colloblasts arise from the 
same progenitor cells as the animal’s nerve 
cells. “That was not expected at all,” recalls 
Ryan, whose team published those results 
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The rudimentary nervous system of the warty comb jelly may help resolve how nerve cells arose. 
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on 30 August 2018 in Molecular Biology 
and Evolution. 

Since then, however, he’s learned of ad- 
ditional studies pointing to common ori- 
gins for neurons and other secretory cells 
in embryonic development—and perhaps 
in evolution. In his talk at the SICB meet- 
ing, he noted that one team showed more 
than 25 years ago that the stinging cells 
of jellyfish, another specialized secretory 
cell type, arise from the same embryonic 
precursors as the animal’s nerve cells. He 
cited similar evidence for hydra and fruit 
flies. “It’s a really generalizable thing,” 
he says. 

The finding could settle a long-standing 
debate. In 2013, a research team analyzing 
the newly sequenced genome of a comb 
jelly known as the sea gooseberry (Pleuro- 
brachia bachei) discovered it was missing 
multiple genes active in the nervous sys- 
tems of most animals: certain Hox genes, 
which control development, and the gene 
for the neurotransmitter serotonin. That 
discovery led the team to propose that 
comb jellies evolved a nervous system 
independently from almost all other ani- 
mals (Science, 25 January 2013, p. 391). But 
many wondered how something so com- 
plex could have evolved twice. 

Finding a common developmental source 
for neurons in comb jellies, jellyfish, and 
many other animals suggests it didn’t, Ryan 
and others now say. The work shows “the 
platform upon which the nervous system 
was built was there” in the last common 
ancestor of animals, says Timothy Jegla, 
a neurobiologist at Pennsylvania State 
University in University Park. “Relatively 
simple reprogramming [of] stem cells dur- 
ing development can lead to whole new 
cell types and tissues, and the nervous 
system is probably just another example 
of that.” Other researchers, however, say 
it’s still possible that nerve cells had mul- 
tiple origins after the last common ances- 
tor, each time arising from the same stem 
cell lineage. 

Next, Ryan, Babonis, and Whitney lab 
neurophysiologist Yuriy Bobkov hope to 
learn how progenitor cells develop into 
neurons by studying a simple sensory 
organ—the “warts” of the warty comb jelly, 
or sea walnut (Mnemiopsis leidyi). Recent 
work shows that each wart contains about 
500 nerve and muscle cells that react to 
light, the smell of fish, and mechanical 
stimuli. Warts regenerate if cut off, and 
by tracing gene activity of their cells as 
they regrow and specialize, Ryan hopes 
his team can pin down the genes direct- 
ing nerve cell formation—and perhaps, he 
says, “peel back some of the complexity of 
the evolution of neurons.” 
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Amember of UNICEF's Ebola outreach team addresses the public in Beni, in the Democratic Republic of the Congo. 


In Congo, fighting a virus and 
a groundswell of fake news 


Armed conflict and political tensions stoke rumors 
and misinformation about Ebola 


By Laura Spinney 


he Ebola epidemic in the Democratic 

Republic of the Congo (DRC) is pro- 

viding a natural experiment in fight- 

ing fake news. Occurring in a conflict 

zone, amid a controversial presiden- 

tial election, the epidemic has proved 
to be fertile ground for conspiracy theories 
and political manipulation, which can ham- 
per efforts to treat patients and fight the 
virus’s spread. Public health workers have 
mounted an unprecedented effort to coun- 
ter misinformation, saying the success or 
failure of the Ebola response may pivot on 
who controls the narrative. 

Tensions are expected to rise in the wake 
of the 10 January declaration by the DRC’s 
election commission that opposition leader 
Felix Tshisekedi won the election, held on 
30 December. Foreign observers and the Ro- 
man Catholic Church’s monitors say Martin 
Fayulu, another opposition figure, garnered 
more votes, and his supporters are alleging 
fraud. Health workers know rumors thrive 
amid uncertainty. 

“T usually tell my teams that we fight 
two outbreaks, Ebola and fear,” says Carlos 
Navarro Colorado of the United Nations 
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International Children’s Emergency Fund 
(UNICEF) in New York City. “It is all about 
information.” For the first time in an Ebola 
outbreak, UNICEF and other agencies have 
joined forces as a single response team, 
which answers to the DRC’s Ministry of 
Health in Kinshasa and includes dozens of 
social scientists. They use the airwaves, so- 
cial media, and meetings with community 
and religious leaders to fight misinforma- 
tion. Responders also foster trust by mak- 
ing their work more transparent—in some 
cases literally. A new biosecure tent, called 
the Biosecure Emergency Care Unit for Out- 
breaks (CUBE), allows relatives to visit and 
see Ebola patients during treatment. 

With 600 confirmed cases and 343 deaths 
recorded since August 2018, the outbreak 
is the second largest ever after the massive 
epidemic that struck West Africa 5 years ago 
and killed more than 11,000. Conflict has 
smoldered for years in North Kivu, an anti- 
government stronghold, and some at-risk 
areas are inaccessible because they are con- 
trolled by armed rebels or can’t be reached 
by road or rail. The outbreak has already 
reached several urban centers, including 
Butembo, a city of almost 700,000. An ex- 
perimental vaccine developed by Merck and 
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given to nearly 60,000 people so far has likely 
slowed the virus but hasn’t stopped it. 

In West Africa, fear kept people away 
from clinics, causing Ebola cases, as well as 
diseases such as measles and malaria to go 
untreated. Mistrust of governments and aid 
workers ran high and rumors were rife. 

That’s even more true in the DRC now. In 
September 2018, an opposition politician, 
Crispin Mbindule Mitono, claimed on local 
radio that a government lab had manufac- 
tured the Ebola virus “to exterminate the 
population of Beni,’ a city that was one of the 
earliest foci of the outbreak. Another rumor 
has it that the Merck vaccine renders its re- 
cipients sterile. On 26 December, the national 
election commission decided to exclude Beni 
and Butembo from the polls because of the 
epidemic; the following day, an Ebola evalua- 
tion center was attacked during protests. 

Although opposition organizations con- 
demned the commission’s decision, they 
called for the Ebola response to be 
protected—which health workers saw as a 
small but significant victory. 
“We've managed to get com- 
munities to separate in their 


‘Tusually tell 


epidemic, says IFRC’s Ombretta Baggio. 

The CUBE, used for the first time in this 
outbreak, is also a big help, says Tajudeen 
Oyewale, UNICEF’s deputy representative 
in the DRC. In the past, visitors were kept 
at a safe distance from patients at ETCs or 
not permitted at all. Designed by a Senegal- 
based organization called ALIMA, the CUBE, 
with its transparent walls and external arm 
entries—like those in a laboratory glove box— 
allows patients and their relatives to see and 
speak to each other up close. The €15,000, 
reusable units also improve care, because 
health workers don’t need to wear cumber- 
some protective gear that limits their move- 
ments and can only be worn for a short time. 

Organized tours of the ETCs for mem- 
bers of the local community have helped, 
too, as have creches for the children of 
sick mothers, located close to the centers. 
Ambulances in North Kivu no longer use 
sirens when transporting suspected Ebola 
patients, as the sound was judged stigma- 
tizing in West Africa. 

Burial practices keep evolv- 
ing as well. In early Ebola 
epidemics, victims were of- 


minds Ebola control from the My teams that ten buried unceremoniously, 
broader political agenda,” says , sealed in opaque body bags, 
Michael Ryan of the World we f ight two with no opportunity for rela- 
Health Organization in Geneva, outbr eaks, tives and friends to say fare- 


Switzerland. “That’s been re- 
ally helpful” Ryan hands much 
of the credit to social scientists 
working for the various agen- 
cies involved in the response. 
Along with community engagement workers, 
they make up one-third of the workforce. 

Part of their role is to chart the social net- 
works through which the virus spreads, but 
they also gather information about commu- 
nities’ perceptions, which is entered within 
days into an online “dashboard” created by 
the International Federation of Red Cross 
and Red Crescent Societies (IFRC) in Geneva. 
The government has also recruited young 
people to report misinformation circulating 
on WhatsApp, a major information channel 
in the DRC, says Jessica Ilunga, a spokes- 
person for the health ministry. 

As rumors surface, communications ex- 
perts rebut them with accurate information 
via WhatsApp or local radio. They take care 
not to repeat the misinformation; research 
has shown this is the best way to help the 
public “forget” false news and reinforce the 
truth. The vocal support of Ebola survivors 
has helped as well. Grateful for their care, 
some have become volunteers at Ebola treat- 
ment centers (ETCs). 

So far, the responders believe they are 
winning the information war. People who 
might be ill are now far more willing to ac- 
cept a referral to an ETC than early in the 
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Ebola and fear.” 


Carlos Navarro 
Colorado, UNICEF 


well. That bred resentment 
and stoked rumors about 
corpses being stolen to sell 
their organs. In “safe and 
dignified” burials, introduced 
in the West Africa epidemic, families are 
given more opportunities to spend time 
with the body. For the current epidemic, 
responders procured transparent body 
bags, allowing families to see their loved 
one until the coffin is closed. 

“One of the starkest lessons we learned in 
West Africa is that we don’t need to change 
everything about a traditional burial,’ says 
anthropologist Juliet Bedford, director of 
a consultancy called Anthrologica in Ox- 
ford, U.K. “We just need to make sure it is 
medically safe.” Even touching the body is 
sometimes allowed, provided relatives wear 
protective clothing. 

Contingency plans are in place in case 
of further unrest, and the partner agencies 
have bolstered preparedness in neighboring 
areas not yet touched by the epidemic. Ryan 
says the political problems may have an 
upside: “Communities that resist are ener- 
getic,” he says. “If you can turn that negative 
energy into positive energy, then it becomes 
a force for good. You just have to know how 
to pick that lock.” 


Laura Spinney is a journalist based 
in Paris. 
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Dueling 
spacecraft 


look deep 
into Saturn 
and Jupiter 
NASA probes reveal 


surprising contrasts 
between two gas giants 


By Paul Voosen 


clever use of radio signals from plan- 
etary spacecraft is allowing research- 
ers to pierce the swirling clouds that 
hide the interiors of Jupiter and Sat- 
urn, where crushing pressure trans- 
forms matter into states unknown 
on Earth. The effort, led by Luciano Iess 
of Sapienza University in Rome, turned 
signals from two NASA probes, Cassini at 
Saturn and Juno at Jupiter, into probes of 
gravitational variations that originate deep 
inside these gas giants. 

What the researchers have found is fu- 
eling a high-stakes game of compare and 
contrast. The results, published last year 
in Nature for Jupiter and this week in 
Science for Saturn, show that “the two plan- 
ets are more complex than we thought,” 
says Ravit Helled, a planetary scientist at 
the University of Zurich in Switzerland. 
“Giant planets are not simple balls of hy- 
drogen and helium.” 

In the 1980s, Iess helped pioneer a radio 
instrument for Cassini that delivered an ex- 
ceptionally clear signal because it worked 
in the Ka band, which is relatively free of 
noise from interplanetary plasma. By mon- 
itoring fluctuations in the signal, the team 
planned to search for gravitational waves 
from the cosmos and test general relativ- 
ity during the spacecraft’s journey to Sat- 
urn, which began in 1997. Iess’s group put 
a similar device on Juno, which launched 
in 2011, but this time the aim was to study 
Jupiter’s interior. 

Juno skims close to Jupiter’s surface 
every 53 days, and with each pass hidden 
influences inside the planet exert a min- 
ute pull on the spacecraft, resulting in tiny 
Doppler shifts in its radio signals. Initially, 
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Iess and his team thought measuring those 
shifts wouldn’t be feasible at Saturn be- 
cause of the gravitational influence of its 
rings. But that obstacle disappeared earlier 
this decade, after the Cassini team decided 
to end the mission by sending the craft 
on a series of orbits, dubbed the Grand 
Finale, that dipped below the rings and 
eliminated their effects. As a result, Iess 
and colleagues could use radio fluctuations 
to map the shape of gravity fields at both 
planets, allowing them to infer the density 
and movements of material deep inside. 

One goal was to probe the roots of the 
powerful winds that whip clouds on the 
gas giants into distinct horizontal bands. 
Scientists assumed the winds would either 
be shallow, like winds on Earth, or very 
deep, penetrating tens of thousands of kilo- 
meters into the planets, where extreme 
pressure is expected to rip the electrons 
from hydrogen, turning it into a metal- 
like conductor. The results for Jupiter 
were a puzzle: The 500-kilometer-per-hour 
winds aren’t shallow, but they reach just 
3000 kilometers into the planet, some 4% 
of its radius. Saturn then delivered a differ- 
ent mystery: Despite its smaller volume, its 
surface winds, which top out at 1800 kilo- 
meters per hour, go three times deeper, to 
at least 9000 kilometers. “Everybody was 
caught by surprise,” Iess says. 

Scientists think the explanation for both 
findings lies in the planets’ deep magnetic 
fields. At pressures of about 100,000 times 
that of Earth’s atmosphere—well short 
of those that create metallic hydrogen— 
hydrogen partially ionizes, turning it into 
a semiconductor. That allows the mag- 
netic field to control the movement of the 
material, preventing it from crossing the 
field lines. “The magnetic field freezes the 
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flow,” and the planet becomes rigid, says 
Yohai Kaspi, a planetary scientist at the 
Weizmann Institute of Science in Rehovot, 
Israel, who worked with Iess. Jupiter has 
three times Saturn’s mass, which causes 
a far more rapid increase in atmospheric 
pressure—about three times faster. “It’s ba- 
sically the same result,” says Kaspi, but the 
rigidity sets in at a shallower depth. 

The Juno and Cassini data yield only 
faint clues about greater depths. Scientists 
once believed the gas giants formed much 
like Earth, building up a rocky core before 
vacuuming gas from the protoplanetary 
disc. Such a stately process would have 
likely led to distinct layers, including a 
discrete core enriched in heavier elements. 
But Juno’s measurements, interpreted 
through models, suggested Jupiter’s core 
has only a fuzzy boundary, its heavy ele- 
ments tapering off for up to half its radius. 
This suggests that rather than forming a 
rocky core and then adding gas, Jupiter 
might have taken shape from vaporized 
rock and gas right from the start, says 
Nadine Nettelmann, a planetary scientist 
at the University of Rostock in Germany. 

The picture is still murkier for Saturn. 
Cassini data hint that its core could have a 
mass of some 15 to 18 times that of Earth, 
with a higher concentration of heavy ele- 
ments than Jupiter’s, which could suggest 
a clearer boundary. But that interpreta- 
tion is tentative, says David Stevenson, a 
planetary scientist at the California Insti- 
tute of Technology in Pasadena and a co- 
investigator on Juno. What’s more, Cas- 
sini was tugged by something deep within 
Saturn that could not be explained by the 
winds, Iess says. “We call it the dark side of 
Saturn’s gravity.” Whatever is causing this 
tug, Stevenson adds, it’s not found on Ju- 
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Material thousands of kilometers below the clouds of 
Jupiter and Saturn tugs subtly on orbiting spacecraft, 
revealing hidden structure and motions. 


piter. “It is a major result. I don’t think we 
understand it yet.” 

Because Cassini’s mission ended with 
the Grand Finale, which culminated with 
the probe’s destruction in Saturn’s atmo- 
sphere, “There’s not going to be a better 
measurement anytime soon,” says Chris 
Mankovich, a planetary scientist at the 
University of California, Santa Cruz. But 
although the rings complicated the gravity 
measurements, they also offer an opportu- 
nity. For some unknown reason—perhaps 
its winds, perhaps the pull of its many 
moons—Saturn vibrates. The gravitational 
influence of those oscillations minutely 
warps the shape of its rings into a pattern 
like the spiraling arms of a galaxy. The re- 
sult is a visible record of the vibrations, 
like the trace on a seismograph, which sci- 
entists can decipher to plumb the planet. 
Mankovich says it’s clear that some of these 
vibrations reach the deep interior, and he 
has already used “ring seismology” to esti- 
mate how fast Saturn’s interior rotates. 

Cassini’s last gift may be to show how 
fortunate scientists are to have the rings 
as probes. Data from the spacecraft’s fi- 
nal orbits enabled Iess’s team to show the 
rings are low in mass, which means they 
must be young, as little as 10 million years 
old—otherwise, encroaching interplanetary 
soot would have darkened them (Science, 
22 December 2017, p. 1513). They continue 
to rain material onto Saturn, the Cassini 
team has found, which could one day lead 
to their demise. But for now they stand 
brilliant against the gas giant, with more 
stories to tell. 
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Pain spreads from shutdown 


Historic spending impasse halts paychecks and projects 


By David Malakoff 


o paychecks. No experiments. No re- 

views of grant applications. And no 

stink bugs by mail. The financial, 
empirical, and entomological con- 
sequences of the partial shutdown 

of the U.S. government for science 
multiplied this week, as it became the lon- 
gest such closure in history. More than a 
half-dozen agencies that fund or conduct 
research, including NASA, the National 
Science Foundation (NSF), the U.S. Depart- 
ment of Agriculture (USDA), and the Food 
and Drug Administration (FDA), have been 
partly paralyzed since 22 December 2018 
(Science, 11 January, p. 109). As Science went 
to press, the fight between Congress and 
President Donald Trump over spending 
$5.7 billion on a border wall, which has shut- 
tered about one-quarter of the federal gov- 
ernment, showed no signs of being resolved. 
The impasse has already meant a lost pay- 
check for some 800,000 federal employees, 
as well as missed payments for thousands 
more contractors and academic researchers. 
Agencies have canceled dozens of meetings 
to review thousands of funding proposals, 
at one of the busiest times for federal grant- 
making. Researchers inside and outside of 
government have postponed, restructured, 
or just given up entirely on planned studies. 
The shutdown could soon paralyze feder- 
ally funded scientific facilities and research 
centers that have been largely insulated 
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from the pain because they are operated by 
contractors who get paid in advance, often 
on a quarterly basis. “But now that quar- 
terly check may or may not be coming,” says 
Benjamin Corb, public affairs director at 
the American Society for Biochemistry and 
Molecular Biology in Rockville, Maryland. 
“The uncertainty is creating a real mess.” 

At the National Center for Atmospheric 
Research in Boulder, Colorado, which is 
funded by NSF but operated by a consor- 
tium of universities, managers are be- 
ginning to consider ways to scale back 
activities. Staff could be given the option of 
being furloughed without pay or continuing 
to work at reduced pay (with back pay once 
the shutdown ends). That could disrupt ef- 
forts to improve climate models and man- 
age massive data sets, officials say. 

NSF’s closure is also creating anxiety for 
would-be graduate students hoping to win 
a prestigious Graduate Research Fellowship 
(GRF) from NSF. Last year, the agency re- 
ceived more than 12,000 GRF applications 
and gave out 2000 awards, which provide 
graduate students with a $34,000 annual 
stipend for 3 years. Managing that mas- 
sive operation requires sticking to a tight 
schedule. Some 2000 reviewers had already 
agreed to serve on about four dozen virtual 
panels set for later this month. But if NSF 
remains closed, those panels will not be 
able to meet. (The agency had already can- 
celed 33 other proposal review meetings as 
of 14 January, according to Corb.) 
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Furloughed from his work on rocket tests, NASA 
contractor Jack Lyons spends time in his workshop 
making props for marching bands. 


NSF typically announces GRF winners by 
the beginning of April because U.S. gradu- 
ate schools require accepted students to 
make a firm decision by 15 April. So far, the 
agency has no contingency plan in case its 
review process is delayed. “Nobody knows 
what will happen because there’s been no 
guidance,” says a former GRF program 
manager who requested anonymity. 

At FDA, reviews of submitted drugs and 
devices already paid for by industry fees 
can continue. But some researchers who 
want to continue other work—developing 
new tools or methods for evaluating drugs, 
for example—must show that it is essential 
for health, safety, or protecting a federal 
investment (such as continuing an animal 
experiment that has already begun). The 
justification process is “a heavily scruti- 
nized rigmarole,” says one FDA employee 
who asked to remain anonymous. 

Agricultural research is taking a partic- 
ularly heavy hit because it often involves 
collaborations between federal and private 
or academic laboratories. At the Virginia 
Polytechnic Institute and State University 
in Blacksburg, veterinary pathologist Kevin 
Lahmers has had to halt studies aimed 
at evaluating the livestock disease threat 
posed by the Asian longhorned tick, first 
discovered in the United States in 2017, be- 
cause he is collaborating with a shuttered 
USDA laboratory in Pullman, Washington. 

Entomologist Don Weber, who works on 
biocontrol agents at USDA’s Beltsville Agri- 
cultural Research Center in Maryland, isn’t 
completely immobilized. He is allowed to 
enter his lab a few times a week to maintain 
insect and plant populations. But he can’t 
do studies. Nor can he mail invasive stink 
bugs from his colonies to other researchers 
who want them, hobbling efforts to find a 
defense against the farm pest. And Weber 
hasn’t been able to order a synthesized 
chemical that is key to an upcoming project 
because his contract office is closed. “I’m 
going to lose a field season,” he predicts. 

Weber hasn’t let past closures derail his 
research. During a 16-day funding impasse 
in 2013, he went ahead and collected the fi- 
nal data in a long-term field study “in defi- 
ance of the shutdown,” he acknowledged in 
a 2014 paper. “The way I saw it,’ Weber says 
now, “collecting that data was essential to 
protecting a federal investment. Otherwise, 
the money that had been spent would have 
gone to waste.” & 


With reporting by Jeffrey Mervis and 
Kelly Servick. 
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OCEANS 


Flotilla launches large survey 
of Antarctic krill 


Health of stock is critical to fishery—and to predators 


By Erik Stokstad 


rill, crustaceans smaller than a ciga- 
rette, play an outsize role in the eco- 
logy of the ocean around Antarctica: 
Penguins, whales, and other preda- 
tors feast on vast swarms of the 
shrimplike animals. Now, research- 
ers have launched a broad international 
survey of krill’s main 
habitat in and around 
the Scotia Sea—the first 
in nearly 20 years—to 
learn whether a growing 
fishing industry is leav- 
ing enough for krill’s 
natural predators. 

The effort, led by 
the Institute of Marine 
Research (IMR) in Ber- 
gen, Norway, began in 
earnest last week when 
Norway’s new polar re- 
search vessel Kronprins Haakon sailed 
from Punta Arenas, Chile, for the Scotia Sea. 
It and five other vessels will spend nearly 
2 months mapping krill abundance across 
an area about the size of Mexico. Beside 
gauging population, the project will test 
tools for cheaper, more frequent surveys 
that could improve oversight of the fishery. 
“With a more dynamic management sys- 
tem, we can be more certain that the fishery 
is not negatively affecting the krill popula- 
tions or the predators,” says Bjorn Krafft, a 
marine biologist at IMR who is directing 
the $5 million Norwegian cruise. 

Soviet vessels were the first to ply 
the Southern Ocean for krill, which was 
ground into fish meal. By the 1980s, sci- 
entists began to worry about the effect on 
krill-feeding predators. The Convention for 
the Conservation of Antarctic Marine Liv- 
ing Resources (CCAMLR), a treaty organi- 
zation established in 1982, set tight limits 
on fishing, now at 620,000 tons per year. 
Most fishing stopped after the 1991 col- 
lapse of the Soviet Union, but it has been 
slowly growing again. Norway takes about 
half the current catch, extracting omega-3 
fatty acids for nutritional supplements. 
“We absolutely need to know whether 
the catch limit is still precautionary,” says 
Simeon Hill, an ecologist with the British 


part of the food web. 
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Krill feed on phytoplankton and are a critical 


Antarctic Survey in Cambridge, who is not 
involved in the project. 

CCAMLR organized the previous large 
krill survey, in 2000. The central finding— 
about 60 million tons of krill in the Scotia 
Sea—reassured managers that they had been 
adequately conservative. But much smaller 
surveys, conducted annually in a few places, 
have shown that regional krill populations 
go through boom and 
bust cycles, making it 
harder to gauge the 
health of the overall 
stock from a single sur- 
vey. “We have pieces, 
but we are missing the 
big picture,’ says ma- 
rine biologist Rodolfo 
Werner, an adviser to 
the Pew _ Charitable 
Trusts and the Ant- 
arctic and Southern 
Ocean Coalition, who 
is based in Bariloche, Argentina. 

During the survey, vessels will retrace the 
previous transects, measuring krill swarms 
with echosounders, a kind of sonar, and 
confirming the identification with sampling 
trawls. Some ships will measure oceano- 


graphic variables as well, such as tempera- 
ture, currents, and plankton, to see whether 
they can be used to predict krill abundance. 

IMR will also test remote devices that 
could gather krill data continuously and 
more cheaply. The Haakon will deploy 
moored sensors, as well as wave gliders and 
a sail-propelled buoy, in order to compare 
their readings with the net and echosounder 
data. “This is one of the most beneficial parts 
of the survey,’ says Bettina Meyer, a krill eco- 
physiologist at the Alfred Wegener Institute 
in Bremerhaven, Germany. 

At the same time, land-based teams from 
IMR and the Norwegian Polar Institute will 
track seals, whales, and penguins foraging 
for krill in the Bransfield Strait, an im- 
portant feeding ground near the Antarctic 
Peninsula. Matching their feeding behavior 
with survey results “has big potential to get 
a better idea of the interactions between 
the krill fisheries and the predators,” says 
So Kawaguchi, a marine ecologist with the 
Australian Antarctic Division in Kingston. 

The survey itself won’t be able to reveal 
how the overall krill population in the 
Scotia Sea might have changed since the 
2000 survey, given the variability of krill 
populations over space and time. Finding 
out what drives population changes will 
require more research on the seasonal 
movement of krill, for example, and the 
impact of climate change. Loss of sea ice, 
which protects young krill from predators, 
is expected to reduce their abundance, and 
rising water temperatures and _ acidifica- 
tion could also pose serious threats—ones 
that even the best management plan might 
not avert. 
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Casting a wide net 


To estimate abundance of krill, a keystone species, six ships will use echosounders 
and focus sampling around fishing hot spots. 
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Paleontologists struggle to protect sites that could rewrite Earth's history 


By April Reese, at Bears Ears National Monument in Utah 


n arise with a sweeping view of the 
Indian Creek valley in southern 
Utah, skirts of red earth unfurling 
for kilometers in all directions, 
Adam Huttenlocker crouches to 
examine a knee-high nub of Cedar 
Mesa sandstone. Embedded in the 
rock is an ivory oval with a smoky 
center. The paleontologist, from 
the University of Southern California in Los 
Angeles, leans in for a closer look. Other re- 
searchers gather round, and soon they iden- 
tify the mysterious eyelike fragment: It is a 
cross section of limb bone, probably from a 
synapsid—the group of reptiles that gave 
rise to mammals—that lived here more than 
300 million years ago. 

Thousands of such rare fossils pepper 
Bears Ears, a sweep of buttes and badlands 
whose candy-striped sedimentary rocks cat- 
alog hundreds of millions of years of Earth’s 
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Looters stole—but later returned—this 
snout from a fossilized phytosaur, a crocodilelike 
creature that once roamed Bears Ears. 


history. The region’s rich paleontological 
and archaeological record—and the lobby- 
ing of southwestern tribes whose ancestors 
lived here—persuaded former President 
Barack Obama to designate the area a na- 
tional monument just over 2 years ago, in 
the waning days of his administration. 
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Now, those fossils, and the influx of spe- 
cial research funding that came with the 
designation, are under threat. In Decem- 
ber 2017, urged on by Utah officials, Presi- 
dent Donald Trump slashed the size of the 
547,000-hectare monument by 85%, leaving 
just 82,000 hectares split into two separate 
units. Since Trump’s order took effect in Feb- 
ruary 2018, the excised lands, which hold 
thousands of Native American artifacts and 
sites—and possibly the world’s densest cache 
of fossils from the Triassic period, roughly 
250 million to 200 million years ago—are 
open again to mining, expanded grazing, and 
cross-country trekking by off-road vehicles. 

That prospect spurred the typically apo- 
litical Society of Vertebrate Paleontology 
(SVP), based in Bethesda, Maryland, to sue 
the Trump administration in federal court, 
joining archaeologists, environmentalists, 
outdoor companies, and five Native Ameri- 
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The Valley of the Gods 
and its fossil riches are no 
longer protected within 
the national monument. 


can tribes. Their argument: The 1906 An- 
tiquities Act used to create Bears Ears only 
allows presidents to establish monuments— 
not to drastically reduce them. The cutbacks 
represent an “extreme overreach of author- 
ity,’ SVP said in announcing the lawsuit just 
days after Trump’s move. If SVP wins, the 
ruling could set a precedent that would help 
safeguard the boundaries of the 158 national 
monuments created under presidential au- 
thority; if it loses, future presidents could 
gain new powers to downsize them. 

At Bears Ears, the potential loss to 
science—and society—is sizable, says former 
SVP President David Polly, a paleontologist 
at Indiana University in Bloomington. Fos- 
sils here chronicle major events that remade 
the world—from the evolution of early life 
on land 340 million years ago to the shift in 
climate at the end of the last ice age that ush- 
ered in the era of human civilization. 

“Tt’s a landscape of stories,’ says Rob Gay, 
a paleontologist and education director with 
the Colorado Canyons Association in Grand 
Junction, who has studied the Bears Ears 
area for more than a decade and was among 
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the first paleontologists to push for monu- 
ment designation. Without protection, he 
says, “our knowledge of our planet [will be] 
diminished forever.” 


FOR ALESSON in how monument status can 
pay off for paleontology, Gay motions to- 
ward Grand Staircase-Escalante National 
Monument, 228 kilometers away across 
the mesas and canyons of southern Utah. A 
similarly rich fossil trove, from the era when 
dinosaurs ruled, helped make the case for 
that monument, which was established by 
then-President Bill Clinton in 1996 and cut 
in half by Trump in another December 2017 
proclamation. An influx of federal funding 
followed, which Polly credits with allowing 
researchers to uncover some of the world’s 
best records of the Late Cretaceous. 

Within 10 years, researchers had discov- 
ered fossils from 25 taxa new to science and 
documented the rise of flowering plants, 
insects, and the ancestors of mammals be- 
tween 145 million and 66 million years ago. 
“Tt was essentially the origin of modern eco- 
systems happening in the Cretaceous before 
the extinction of the dinosaurs,” Polly says. 
“And I think it is safe to say that we wouldn’t 
have that concept if it hadn’t been for the 
research at Grand Staircase.” He estimates 
that 40% to 50% of SVP members have used 
data from Grand Staircase-Escalante stud- 
ies, and another 10% have conducted re- 
search there themselves. 

“Bears Ears is sort of like what Grand 
Staircase was at one time—there were a few 
sites known [when the monument was cre- 
ated] and clearly a lot of potential,” he adds. 

Bears Ears’s record begins earlier, more 
than 340 million years ago, when the super- 
continent Pangaea spanned much of the 
planet. A tropical sea that covered the 
area began to fill with sediment shed by 
the uplifting Rocky Mountains, leaving 
thousands of prehistoric sea creatures, 
mammallike reptiles, and dinosaurs en- 
tombed in hardened mudflats. Some of 
those fossils help tell the story of the “great 
dying” 252 million years ago, which killed 
96% of marine species and 70% of terrestrial 
ones, clearing the way for dinosaurs. Others 
chronicle the End Triassic extinction some 
50 million years later, which wiped out 76% 
of terrestrial and marine life. 

Amid the red-rock spires of the Val- 
ley of the Gods, for example, Huttenlocker 
and his team are uncovering a trove of 
300-million-year-old fossils, including what 
may be the most complete skeleton of a 
sail-backed synapsid predator known as Dv- 
metrodon. Meanwhile, with the help of high 
school students, Gay has discovered what 
could be the largest concentration of Trias- 
sic fossils in the United States—and pos- 
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sibly the world. Excavation has just begun, 
but already Gay and his team have found 
rare fossil fragments of four phytosaurs— 
6-meter-long crocodilelike creatures that 
roamed these lands 212 million years ago. 
Many other sites remain uninvestigated. 

Early on, says paleontologist Allison 
Stegner of the University of Wisconsin in 
Madison, some locals skeptical of the monu- 
ment came to share scientists’ enthusiasm 
for the resources it aimed to protect. When 
the Bears Ears designation was first pro- 
posed, “people were excited to learn about 
what was in their area. [They] were totally 
unaware that southeastern Utah is a world- 
class destination for paleontology,’ says 
Stegner, who did local outreach for the Bu- 
reau of Land Management (BLM) while the 
monument was under consideration. But 
there was little money and staff to nurture 
the emerging goodwill, and the momentum 
was lost, she says. “Instead, what’s happened 
is a lot of animosity toward the monument.” 

Many local and state officials were op- 
posed to the monument from the start, 
viewing its land use restrictions as too strin- 
gent and its designation as an overreach of 
federal authority. Earlier this month, Trump 
acknowledged that Utah lawmakers influ- 
enced his decision to carve out large pieces 
of the monument, saying he did it for Sena- 
tor Mike Lee (R) and a “very special person,” 
now-retired Senator Orrin Hatch (R). 

Mining companies, eyeing the area’s rich 
uranium deposits, also sought the rollback. 
The low price of uranium is likely to keep 
companies from starting new digs anytime 
soon, says David Talbot, a uranium and bat- 
tery metals analyst with Eight Capital in To- 
ronto, Canada. But if the price does spike—it 
has been on the rise for 2 years—that could 
change. (Under a September 2018 court rul- 
ing, however, BLM must notify the plaintiffs 
before approving any new development on 
the former monument lands.) 

Now that the boundaries have been re- 
drawn, the Valley of the Gods and much of 
the area where Gay’s Triassic cache lies are 
outside the monument, as is the Indian 
Creek bone bed where Huttenlocker spot- 
ted the watchful eye. “As far as we can tell, 
[the administration] gave no consideration 
to the vertebrate fossil sites when redraw- 
ing the new boundaries,” Huttenlocker says. 
The two units that remain include important 
paleontological and cultural sites, such as a 
bed of more than 250 dinosaur tracks and an- 
cient Puebloan rock art in Shay Canyon. But 
most of Bears Ears’s richest paleontological 
treasures are now on the outside, Gay says. 

The loss of monument status means 
those treasures could be exposed to many 
dangers. Off-road vehicles are now al- 
lowed to crisscross the monument’s former 
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Monumental reversal 


In December 2017, President Donald Trump issued proclamations shrinking Bears Ears National Monument 
by 85% and nearby Grand Staircase-Escalante National Monument by nearly half, leaving out fossil-rich areas 
such as the Valley of the Gods and the northern portion of Indian Creek. 
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grounds, which are once again open to min- 
ing (although new projects must go through 
BLM’s usual review process). The land will 
also lose out on resources aimed at beef- 
ing up research, such as personnel—Grand 
Staircase got its own paleontologist, for 
example—and special funding to develop 
scientific and cultural resources. 

That money—part of federal funding for 
BLM lands protected for their scientific 
resources—not only funds ongoing projects 
and spurs new discoveries; it also helps 
ensure that scientists find those resources 
before looters do. Looting has long been 
a problem in San Juan County, where the 
monument is located. When Gay and his 
students found the phytosaur cache in 
2016, for example, a snout from one of the 
creatures was missing. It was eventually re- 
turned, but looters rarely repent, Gay says. 
Without the protection and increased atten- 
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tion from BLM officials, he fears the excised 
areas are more vulnerable to pillaging. 
Scientists will also have to compete with 
law-abiding private fossil collectors. The 
2009 Paleontological Resources Preservation 
Act makes removing vertebrate fossils from 
federal lands a crime for nonscientists. But 
the rules are different for plant and inverte- 
brate fossils, which are crucial to understand- 
ing ancient ecosystems and evolution. Within 
a monument, those fossils, too, can be col- 
lected only by researchers, but outside monu- 
ment boundaries, anyone can gather and sell 
them. “Without special protection, [the sites] 
are more vulnerable to vandalism, which 
they have suffered in the past, and [fossils] 
can be more easily sold away to private buy- 
ers or repurposed for other uses,’ Gay says. 
BLM has long insisted that it does what’s 
needed to protect scientific and cultural 
resources on public land. Its management 
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plan for the newly shrunken monument is 
still under development, but in an August 
2017 statement, BLM’s Utah director, Ed 
Roberson, called Bears Ears a remarkable 
landscape and said the agency’s preferred 
blueprint provides “maximum management 
flexibility while protecting Monument ob- 
jects and resource values.” But unlike the 
other three draft plans, one of which would 
“prioritize the protection of Monument ob- 
jects and values over other resources,” BLM’s 
preferred plan emphasizes “multiple uses.” 
(Because of the ongoing federal government 
shutdown, a BLM spokesperson could not 
respond to specific questions from Science.) 

Research on the excised lands is now in 
limbo, and Gay, Huttenlocker, and other 
paleontologists are racing to do as much as 
they can before their monument-tied funding 
dries up. Only one round of Bears Ears fund- 
ing was doled out before Trump’s proclama- 
tion. BLM has agreed to let researchers finish 
their work under those grants, but when that 
money runs out, projects outside the new 
monument boundaries may be left without 
crucial federal support, Polly says. And al- 
though paleontologists can still get permits 
to investigate and dig for fossils on the for- 
mer Bears Ears lands, the process won’t be as 
easy as before, when science was a priority, 
Polly says. Now, paleontology is just one of 
many uses, competing with mining, off-road- 
ing, and grazing. 

In comments submitted to BLM, SVP 
urged the agency to treat now-unprotected 
areas as though they still had monument 
protection, giving priority to science and 
conservation. SVP also recommended that 
the agency hire four paleontologists for the 
greater Bears Ears area and continue to 
support research there. 

As BLM proceeds with its plans for the 
shrunken monument, SVP and the other 
plaintiffs are hoping for a swift victory. 
They’ve already notched one win—having 
the case heard in Washington, D.C., instead 
of Utah, which the administration consid- 
ered more welcoming. They now await Dis- 
trict Judge Tanya Chutkan’s decision on a 
Department of Justice request to dismiss 
the lawsuit. 

As the case wends its way through the 
courts, paleontologists are scrambling to 
unlock Bears Ears’s secrets. In Los Angeles, 
Huttenlocker and his colleagues labor to 
piece together the story of their newly found 
Dimetrodon. In western Colorado, Gay is 
eager to return to his phytosaur site before 
looters do. Meanwhile, scientists hope the 
sacred twin buttes that gave Bears Ears its 
name will continue to guard its treasures. 


April Reese is a freelance journalist based 
in Santa Fe. 
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The normal compound fly eye (top) 
is marred by cell death in a strain 

(bottom) with a mutation causing 
amyotrophic lateral sclerosis. 
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PROBLEMS 


Disrupted flow into 
and out of the nucleus 
may kill neurons 


By Elie Dolgin 


he compound eyes of the common 
fruit fly are normally brick red. But 
in neurologist Tom Lloyd’s lab at 
Johns Hopkins University School of 
Medicine in Baltimore, Maryland, 
many of the fly eyes are pocked 
with white and black specks, a 
sign that neurons in each of their 
800-odd eye units are shriveling 
away and dying. 

Those flies have the genetic equivalent of 
amyotrophic lateral sclerosis (ALS), the de- 
bilitating neurodegenerative disorder also 
known as Lou Gehrig’s disease, and their 
eyes offer a window into the soul of the 
disease process. By measuring the extent 
of damage to each insect’s eyes, researchers 
can quickly gauge whether a drug, genetic 
modification, or some other therapeutic in- 
tervention helps stop neuronal loss. 

Those eyes have also offered an answer to 
the central mystery of ALS: just what kills 
neurons—and, ultimately, the patient. 

The flies carry a mutation found in about 
40% of ALS patients who have a family his- 
tory of the disease, and in about 10% of spo- 
radic cases. The mutation, in a gene called 
C9orf72, consists of hundreds or thousands 
of extra copies of a short DNA sequence, just 
six bases long. They lead to unusually large 
strands of RNA that glom onto hundreds of 
proteins in the cell nucleus, putting them 
out of action. Some of those RNA-ensnared 
proteins, Lloyd and his Hopkins colleague 
Jeffrey Rothstein hypothesized, might hold 
the key to ALS. 

Over many months, the researchers sys- 
tematically studied the role of each protein 
by developing fly strains carrying both the 
ALS mutation and an incapacitated or hyper- 
active version of each protein’s gene. One set 
of flies, bred to have elevated levels of a pro- 
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tein called RanGAP, stood out. Fifteen days 
after the flies emerged from their pupal cas- 
ings, their eyes remained a pure burnt sienna. 
RanGAP “was by far the most potent suppres- 
sor of neurodegeneration,’ Lloyd says. What 
was known about its function was tantaliz- 
ing: It serves as a courier, helping shuttle 
other proteins across the membrane that 
divides the cell nucleus from the cytoplasm. 

The team’s result would upend neuro- 
scientists’ understanding of ALS and brain 
disease in general, and others were on the 
same trail. In 2015, two more research teams 
reported that defects in the cell’s nuclear 
transport system were hallmark features not 
only of ALS, but also of frontotemporal de- 
mentia (FTD), another progressive brain dis- 
ease caused by C9orf72 mutations. Scientists 
would soon link dysfunctional trafficking 
across the nuclear divide to other neurode- 
generative diseases—Alzheimer’s, Hunting- 
ton, spinocerebellar ataxia—and even to 
normal aging. In all those ailments, the re- 
sulting abnormal pileups of proteins some- 
how become rogue neuronal killers. 

“T often get queasy when someone makes a 
discovery and tries to explain the rest of the 
world with it,” says Rothstein, a neurologist 
who directs the Johns Hopkins Brain Sci- 
ence Institute. But here, he says, it seems 
to be true. 

The findings are not merely academic. 
They are inspiring therapeutic efforts to 
address the cause of general age-related 
neurodegeneration—a goal that has largely 
eluded drug developers. If the gradual loss 
of nucleocytoplasmic transport is a con- 
served feature of the aging brain, says Sami 
Barmada, a neurologist at the University of 
Michigan in Ann Arbor, preventing it “might 
be a really broad and effective therapy.” 

Several biotech companies have jumped 
on that idea, exploring it in animal models 
and planning the first human trials this year. 
Chief among them: Biogen in Cambridge, 
Massachusetts, which in 2018 bought the 
rights to develop a drug compound called 
KPT-350 that directly targets the nuclear 
transport pathway. The research under- 
pinning that drug’s action is brand new. But, 
“The biology is there,’ says Chris Henderson, 
head of neuromuscular and movement disor- 
ders research at Biogen. “Here’s a drug with 
a body of rationale,” he adds, “and we're opti- 
mistic about getting this into trials.” 


THE LIPID MEMBRANE that divides the DNA- 
packed nucleus from the rest of the cell is 
like an international border busy with two- 
way industrial traffic. DNA-binding pro- 
teins and other molecules are constantly 
flowing into the nucleus to help turn genes 
on and off, for example. The messenger 
RNAs produced by those genes stream the 
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other way, into the cytoplasm to protein- 
assembly platforms. The cell must regulate 
that traffic through entry points known as 
nuclear pores. Choke off those portals and 
it stands to reason cells will suffer. 

The first hints that disrupted nuclear 
transport might underpin ALS came in 
2010, when researchers at King’s College 
London, working with human nerve cancer 
cells, experimentally blocked the expression 
of proteins involved in the import business. 
The result was something also seen in cells 
from ALS patients: clumps of a protein 
called TDP-43 building up in the cytoplasm. 

Few ALS researchers paid much atten- 
tion to that early report. What might be 
gumming up the gears of the transport 


Fixing traffic jams 

The flow of molecules through pores 
in the nucleus is key to the health 

of cells, particularly neurons. Traffic 
problems may contribute to 
amyotrophic lateral sclerosis (ALS) 
and other brain diseases. 
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duced by the mutant C9orf72 gene seemed 
to stick to RanGAP near the nuclear pore 
and put the protein out of commission. 
The loss of functioning RanGAP spurred a 
backup of the nuclear import system, result- 
ing in the cytoplasmic buildup of proteins 
such as TDP-43—cluttering a cell like bags 
of rotting trash during a garbage strike. 

Just as galvanizing was the team’s finding 
that a potential drug could preserve neuro- 
nal health, at least in the flies. “All of a sud- 
den it threw a potential treatment approach 
into the ring,” says Dorothee Dormann, a 
biochemist from Ludwig Maximilian Uni- 
versity in Munich, Germany. 

The team had no drug that could boost lev- 
els of RanGAP in the cytoplasm and restore 
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machinery in ALS patients wasn’t clear, 
and the researchers couldn’t say whether 
the buildup of TDP-43—a protein that nor- 
mally binds both DNA and RNA inside the 
nucleus to regulate multiple steps in gene 
expression—was actually killing neurons or 
was just a consequence of a different toxic 
process. It would take another 5 years—and 
Lloyd’s and Rothstein’s study of the flies 
with telltale eyes—for ALS scientists to take 
nuclear transport more seriously. 

The Hopkins team’s result electrified col- 
leagues in part because it had identified a 
transport protein, RanGAP, as key to neuro- 
degeneration. The team showed in both the 
fly model of ALS and in cells from human 
patients that the lengthy RNA readouts pro- 
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enough inflow to rescue the eye neurons. 
But Lloyd reasoned that blocking outflow of 
TDP-43 and other nuclear proteins may have 
the same beneficial effect. An experimental 
compound called KPT-276 was known to 
selectively inhibit a key nuclear export pro- 
tein called exportin 1 (XPO1). The approach 
was a hack of sorts, marrying two wrongs— 
defective inflow and outflow—to make a right, 
but it worked. When Lloyd gave KPT-276 
to his ALS flies, their eyes remained pristine. 


KPT IS THE experimental compound code 
used by Karyopharm Therapeutics, a small 
drug company in Newton, Massachusetts. 
Karyopharm formed in 2008 to develop 
XPO1 inhibitors for treating cancer, the idea 
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being to trigger a buildup of tumor suppres- 
sor proteins in the nucleus, where they carry 
out their anticancer watchdog function. A 
decade on, the company’s first clinical candi- 
date, a drug for multiple myeloma, is widely 
expected to win marketing approval in the 
coming months. 

Chemists at Karyopharm developed a suite 
of XPO1 inhibitors, including KPT-276 and a 
relative called KPT-350, that had an impor- 
tant attribute: They crossed the blood-brain 
barrier more readily than other candidates. 
KPT-350 proved more potent and less toxic in 
preclinical testing, so the firm looked for ways 
to use it to treat brain disease and injury. 

Lloyd’s and Rothstein’s results piqued the 
company’s interest. When Sharon Tamir, its 
head of neurodegenerative and infectious 
diseases at the time, learned that the Hop- 
kins researchers were working with KPT- 
276 and not KPT-350, she called them up to 
propose a collaboration using the “better” 
compound. Meanwhile, she began to dis- 
tribute KPT-350 to other groups in Japan, 
Belgium, and across the United States. Col- 
lectively, those scientists showed the drug’s 
neuroprotective effects across a range 
of human cell, fly, and rodent models of 
ALS, Huntington, and other brain diseases. 

For example, treatment with 
KPT-350 preserved the health 
of axons, the long, signal- 
transmitting extensions of 
nerve cells, and improved the 
motor functions of mice with 
a multiple sclerosis-like con- 
dition, a team led by neuroscientist Jeffery 
Haines at the Icahn School of Medicine at 
Mount Sinai in New York City showed. And 
in the Hopkins group’s hands, the drug kept 
alive mouse neurons harboring the muta- 
tion associated with Huntington. 

“There’s still a lot that needs to be explored 
about why the nuclear pore complex is so 
susceptible to problems in different types 
of neurons in different brain regions caus- 
ing multiple different diseases,” says Gavin 
Daigle, a former postdoc in Rothstein’s lab 
who worked on the Huntington project 
and helped link disrupted pore function to 
Alzheimer’s disease before joining AbbVie 
in Cambridge. But he stresses that all the 
research is showing one thing: “This is a 
pathway that can be targeted.” 

The results proved enough to convince Bio- 
gen, which bought the rights to test the drug 
in humans. “The package of preclinical data 
that Karyopharm was able to amass really 
justifies the excitement,’ says Laura Fanning, 
R&D project leader for KPT-350 at Biogen 
(which has renamed the molecule BIIB100). 
“Tt’s not just a blip of efficacy in one strain 
of mice. It’s a broad base of evidence,’ she 
says. A first-in-human dose-escalation study 
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of KPT-350 could begin in ALS patients later 
this year. If the drug shows promise against 
that disease, Biogen may expand its clinical 
testing to other conditions, Henderson says. 


ALTHOUGH THE DRUG seems to work in the 
laboratory, why or how is not at all clear. 
“The story started to get murkier as more 
data has come in,” notes Haines, now at 
Regeneron Pharmaceuticals in Tarrytown, 
New York. Initially, most scientists assumed 
that because it blocks XPO1, the drug pre- 
vents proteins such as TDP-43 from piling 
up in the cytoplasm by trapping them in 
the nucleus. But last year, Dormann’s team 
and another led by Philip Thomas, a bio- 
chemist at the University of Texas South- 
western Medical Center in Dallas, indepen- 
dently reported that TDP-43 and another 
protein called FUS seem to exit the nucleus 
by passive diffusion, not through XPOl1- 
mediated transport. (FUS also clumps in 
the cytoplasm of motor neurons in some 
patients with ALS or FTD.) 

So if KPT-350 is not acting directly on the 
transport system, what is it doing? “It looks 
like the drug is targeting some more general 
neurotoxic pathway,’ Dormann says, “but it 
remains to be clarified what the mechanism 


“Here’s a drug with a body of rationale, and 
we're optimistic about getting this into trials.” 


Chris Henderson, Biogen 


really is and which nuclear transport de- 
fects we're correcting with this drug.” 

One possibility, recent research suggests, 
is that the drug actually targets tiny, dense 
packets of protein and RNA that form dur- 
ing times of cellular stress. In healthy cells, 
those membraneless “stress granules” gener- 
ally break down and their components dis- 
perse after a viral infection, thermal shock, or 
some other environmental insult has passed. 
Not so in the diseased neurons of people with 
ALS or FTD. In those cells, the stress gran- 
ules persist and turn sticky, recruiting pro- 
teins such as TDP-43 and FUS and eventually 
transforming into solid, toxic aggregates. 

Over the past year, several research teams 
have shown that components of the nuclear 
transport machinery—including import- 
ers, exporters, and parts of the nuclear pore 
itself—also can get tangled up in those ag- 
gregates. The transportation system falters, 
and as more TDP-43 and other proteins are 
added to the stress granules, a feedback loop 
takes hold that grinds the molecular traffic to 
a halt. “TDP-43 is not just a victim of nucleo- 
cytoplasmic transport defects,” says Wilfried 
Rossoll, a neuroscientist at the Mayo Clinic in 
Jacksonville, Florida. “It’s also a perpetrator.” 
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In August 2018, findings from a study led 
by neurobiologist Ludo Van Den Bosch of 
VIB-Catholic University of Leuven in Bel- 
gium suggested that the transport protein 
XPO1 itself may play a role in stress granules. 
That means a drug such as KPT-350 may 
serve primarily as a stress granule buster, and 
any impact on transport may be secondary. 
“Things are more complicated than initially 
presented,” says Van Den Bosch, who has col- 
laborated with Karyopharm. 

The open questions about KPT-350 have 
not discouraged other groups from pursu- 
ing additional strategies to sort out nu- 
clear traffic problems. In 2017, for example, 
Guillaume Hautbergue and his colleagues 
at the University of Sheffield in the United 
Kingdom implicated another export fac- 
tor in the neuronal loss experienced by 
ALS flies with the C9orf72 mutation. 
Hautbergue is working on ways to target 
that protein to prevent the export of mu- 
tant RNAs produced by the gene. 

Other researchers are focusing on break- 
ing up stress granules. That approach should 
free up transport factors and pore proteins 
held hostage in those granules, allowing 
them to return to their usual posts in the 
cell, explains James Shorter, a protein bio- 
chemist at the University of 
Pennsylvania. He is developing 
a way to equip cells with a gene 
for making a “disaggregase” 
protein and has begun to test 
the therapeutic strategy in a 
mouse model of ALS. 

A few drug companies, including De- 
nali Therapeutics of South San Francisco, 
California, and Aquinnah Pharmaceuticals 
of Cambridge, are looking for small mol- 
ecules that can do basically the same thing. 
Those therapies may not directly target the 
nuclear transport pathway, but they would 
get the job done, says Aquinnah co-founder 
and Chief Scientific Officer Ben Wolozin, 
a neuropharmacologist at Boston Univer- 
sity’s School of Medicine, because disman- 
tling stress granules helps restore healthy 
nuclear transport. “This is all part of an in- 
tegrated biological response,” Wolozin says. 

Aquinnah hopes to begin to evaluate its 
lead compound in ALS patients this year, 
about the same time that Biogen is aiming to 
get KPT-350 into the clinic. For now, Biogen 
scientists are still trying to pin down what the 
drug is doing in various genetic models of the 
disease, including the flies with marred eyes. 
But to some extent, Henderson says, knowing 
the exact mechanism of action doesn’t really 
matter. “The relevant experiment,’ he con- 
cludes, “is in the human patient.” 


Elie Dolgin is a science journalist based in 
Somerville, Massachusetts. 
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PLANETARY SCIENCE 


When Earth 
got pummeled 


The frequency of impacts 
on Earth’s surface increased 
about 290 million years ago 


By Christian Koeberl!*” 


ollisions and impact processes have 
been important throughout the his- 
tory of the solar system, including that 
of Earth. Small bodies in the early so- 
lar system, the planetesimals, grew 
through collisions, ultimately forming 
the planets. Recognizing the remnants of 
impact events on Earth is difficult because 
terrestrial processes either cover or erase the 
surface expression of impact structures in 
geologically short timespans. Because Earth 
and the Moon are subjected to the same flux 
of impactors, the latter’s crater record serves 
as a proxy for that of Earth. On page 253 of 
this issue, Mazrouei et al. (1) report that infra- 
red images of the Moon taken by the Lunar 
Reconnaissance Orbiter Diviner instrument 
can be used to estimate the ages of young 
lunar craters. They find the impact rate in- 
creased within the last ~500 million years. 
Impact cratering is a high-energy event 
that occurs at more-or-less irregular inter- 
vals, although over long periods of time, an 
average cratering rate can be established 
(2). The terrestrial rock record, in the form 
of crustal rocks, extends back to only about 
89% of Earth’s history, to ~4.0 billion years 
ago, with the oldest rocks showing very lim- 
ited exposures in Greenland and Canada. 
The importance of the process of impact 
cratering on a planetary scale has only 
recently been recognized in the geologi- 
cal sciences. During the past few decades, 
planetary scientists and astronomers have 
demonstrated, with the aid of many space 
missions, that the surfaces of Earth’s moon, 
Mercury, Venus, Mars, the asteroids, and 
the moons of the outer gas planets are all 
covered (some surfaces to saturation) with 
meteorite impact craters. 


Impact craters on the lunar surface persist 

over billions of years and help to constrain Earth's 
impact record. Orientale (shaded topographic 
map shown) is a large and relatively young impact 
basin on the Moon. 
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Part of the problem regarding recognition 
of the remnants of impact events on Earth is 
that terrestrial processes, such as sedimenta- 
tion, erosion, and plate tectonics, either cover 
or erase the surface expression of impact 
structures. Many impact structures are cov- 
ered by younger (post-impact) sediments and 
are not visible on the surface. Others were 
mostly destroyed by erosion. To determine 
if specific rocks have been subjected to im- 
pact or not, it is necessary to identify criteria 
that allow such processes to be distinguished 
from those resulting from normal terrestrial 
geological processes. Most of the geological 
features of meteorite impact structures are 
not unique. Such features can be the product 
of conventional processes such as tectonic 
deformation, salt-dome formation, volcanic 
eruption, or internal igneous activity. Only 
the presence of diagnostic shock metamor- 
phic effects and, in some cases, the discovery 
of meteorites, or traces thereof, provide un- 
ambiguous evidence for an impact origin (3). 
As of 2018, about 190 impact structures have 
been identified on Earth on the basis of these 
criteria. With one exception, all of these are 
younger than 2 billion years. 


face but suggested that more than 90 craters 
with diameters ranging from 1 to 6 km have 
yet to be discovered, as well as more than 250 
craters between 0.25 and 1 km in diameter. 
In the larger-size range (larger than a 6-km 
diameter), Mazrouei et al. now demonstrate 
that instead of an erosional bias for craters 
in the age range of about 650 to 290 million 
years ago, there is a lower-impact flux to be 
blamed, where the Snowball Earth ice ages 
(when Earth was entirely or nearly entirely 
frozen) might be responsible for erosion that 
destroyed any earlier craters. By contrast, a 
previous study suggested an increase in im- 
pact rate during the Phanerozoic period, 541 
million years ago to the present (5). 

This still leaves a large part of Earth’s 
history lacking for impact structures. The 
early record of impact on Earth is rather 
limited and mostly circumstantial. Likely 
impact debris layers (ejecta layers) have 
been documented in 3.2- to 3.47-billion- 
year-old Archean successions in the Bar- 
berton Greenstone Belt (South Africa) and 
Pilbara Craton (Australia). The exact num- 
ber of ejecta layers is not known, but several 

different events between 3.4 


On oo sore ats and “The early record es ey eae _ ago, and 
moons, the problem of geo- A at 2.1 to 1.8 billion years ago, 
logical processes destroying or of umpact have been identified (6). 
is much less severe than on OF-EGTth is cite tes 200 ton 
Earth. Ithaslong been known I ather limited years ago (Vredefort in South 
ea ea ieee te and mostly segs ite for ee next” bil- 

oon, has been geologically . To ions of years t e impact re- 
mostly inactive on its surface CIM cumstantial. cord on Earth is quite sparse 


for the past 3 billion years or 

so. This makes it an ideal canvas on which 
asteroids can leave their impact traces. Maz- 
rouei et al. used Lunar Reconnaissance Or- 
biter data to derive the impact flux on the 
Moon for craters larger than about 10 km 
in diameter—and by proxy, also on Earth— 
during the past billion years. This was done 
by determining the ages of all lunar craters 
larger than 10 km using an inverse relation- 
ship between the absolute ages of craters 
and the “rockiness” of their ejecta, derived 
from the Lunar Reconnaissance Orbiter Di- 
viner instrument. In previous studies, it was 
usually assumed that the paucity of craters 
on Earth is a direct result of the erosional 
and other geological forces that destroy or 
obscure such craters on Earth. Recently, an 
estimate of the number of impact craters 
that should be present at Earth’s surface was 
reported (4). The study noted no evidence 
for any systematic incompleteness in the 
available inventory of the craters larger than 
about 6 km in diameter exposed at the sur- 
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in terms of both craters and 
ejecta layers. Thus, Earth's impact record 
is quite limited: nothing for the first billion 
years, then some ejecta layers until about 2.5 
billion years ago, and then less than a hand- 
ful of impact craters prior to about 750 mil- 
lion years ago. Nevertheless, the discovery of 
these ejecta layers aids in the discussion of 
the importance of impact events in Earth's 
early history. So, despite having a good ex- 
planation for why a single time window in 
Earth’s history might have seen as many 
impacts as originally anticipated, the earlier 
(pre-600 million years ago) impact record 
on Earth, which spans most of the age of the 
planet, is still a wide open field of research. 
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INORGANIC CHEMISTRY 


Tron hits 
the mark 


Strongly electron-donating 
ligands enable nanosecond 
lifetimes of iron(II) 
photoexcited states 


By Elizabeth R. Young and Amanda Oldacre 


olar energy can enable our society to 
thrive as we endeavor to reduce our de- 
pendence on fossil fuels. However, the 
Sun is an intermittent form of energy. 
Solar-cell technology is well suited for 
daytime electricity generation and us- 
age, but our society uses energy around the 
clock. Thus, it is not only important to gen- 
erate electricity for daytime use but also to 
store solar energy for nighttime use. Chem- 
ists see huge potential in molecules and ma- 
terials that absorb light (that is, solar energy) 
and use that energy to generate electrons 
that then carry out chemical reactions to turn 
low-energy feedstocks into high-energy fuels. 
To date, the transition metal complex (TMC) 
photosensitzers that have sufficiently long ex- 
cited-state lifetimes to enable this chemistry 
(J) contain expensive and scarce metals, such 
as complexes of ruthenium (Ru), osmium, 
and iridium. On page 249 of this issue, Kjzer 
et al. (2) report an iron (Fe)-based photosen- 
sitizer with a quantum efficiency surpassing 
that of [Ru(bpy),}** (where bpy is 2,2’-bipyri- 
dine), the historical standard bearer. Further- 
more, the new iron-based photosensitizer 
has an excited-state lifetime of 2 ns, which is 
sufficiently long to transfer electrons to other 
compounds (see the figure). 
Ruthenium-based TMCs have received 
much attention as photosensitizers because 
of their long-lived metal-to-ligand charge- 
transfer (MLCT) excited state and general 
photo- and chemical stability (3). Despite 
their superior performance, ruthenium-based 
TMCs are limited in their usefulness to soci- 
ety because ruthenium is rare and expensive. 
Not only is there not enough ruthenium to go 
around, even if there were, it is harmful to the 
environment. A search for alternative earth- 
abundant and less expensive metals has been 
pursued for the past several decades. Iron, 
being in the same group of the periodic table 
as ruthenium, shares certain similarities that 
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make it a potentially attractive target metal 
for use in TMCs. Iron-based TMCs would 
have several advantages, such as earth-abun- 
dancy, low toxicity, and strongly absorbing 
charge-transfer (CT) excited states (4). 
However, the photophysics of iron TMCs 
have made their solar-driven applications 
relatively rare (5). Molecular orbital order- 
ing dictates the ability of TMC excited states 
to separate charge within the complex and 
maintain this separation long enough to 
carry out productive chemical reactions. 
Ruthenium(II)-based TMCs experience rel- 
atively large octahedral splitting that drives 
the e, and t. metal-centered (MC) states 


long-lived CT excited states has been tackled 
by inorganic chemists who have purposefully 
designed ligands to overcome this issue. Dur- 
ing the past several years, Warnmark and 
colleagues have developed iron TMCs con- 
taining strong o-donor ligands based on N- 
heterocyclic carbenes (NHCs). These ligands 
destabilize the low-lying e, MC state so that 
the MLCT excited state becomes the lowest- 
energy transition. 

Further research by the Gros and Warn- 
mark groups provided critical insight into 
molecular design for iron(II)-based TMCs. 
In parallel, they reported on irond]) NHC 
complexes with the longest triplet “MLCT 


lron complexes that stay excited 


Most iron(II) complexes have short-lived, metal-centered (MC) photoexcited states that are unable to perform 
chemical reactions. A new iron(II!) complex reported by Kjzer et a/. overcomes these limitations. 


Typical ruthenium(II) complexes Most iron(II) complexes An iron(IIl) complex 
The ligand-centered (LC) orbital lies The LC orbital lies above Strong o-donor ligands drive the e, 
below the e, orbitals and receives the e, orbitals, and excited t2, orbital above the LC orbital. The sta- 


photoexcited t,, electrons. 


Energy 


LC 


Achieving photoinduced electron transfer 


met, th 1h th th Ah 


electrons transfer quickly bilized iron(Ill) center yields a partially 
to the e, orbitals. 


filled t,, orbital to receive excited 
electrons from a lower lying LC state. 


Photoexcited electrons must transfer between LC and MC orbitals to generate charge-transfer (CT) excited states 
and survive long enough to drive subsequent chemical reactions. 


Photon 


Transfer from ligand to metal 


High-energy fuels 
Long-lived CT states 


Low-energy feedstocks 


In [Fe(phtmeimb),]*, the photoexcited electrons transfer from a filled LC orbital to a MC t,, orbital and have been 
shown to react with electron donors and acceptors in photoinitiated reactions. 


of ruthenium(II)-based TMCs far enough 
apart that a ligand-centered (LC) state falls 
between them (6). This molecular orbital 
ordering generates a low-lying MLCT ex- 
cited state that rapidly becomes populated 
upon photoexcitation of a ruthenium(II)- 
based TMC (7). By moving charge either 
away from or onto the ligands, the result- 
ing excited state maintains the potential to 
drive a desired chemical reaction. 
Iron(])-based TMCs experience weak 
ligand-field splitting, such that the e, state 
falls below the LC state. The excited state is 
a low-energy MC state that cannot be used 
to carry out productive chemistry. The de- 
velopment of iron(II)-based TMCs that have 
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lifetimes to that point, 16.5 and 18 ps, re- 
spectively (8, 9). In 2017, Warnmark and co- 
workers reported an all-NHC coordination 
iron(II) complex, [Fe(btz),]**, where btz is 
3,3'-dimethyl-1,1’-bis(p-tolyl)-4,4’ -bis(1,2,3- 
triazol-5-ylidene), that extended the CT life- 
time to 100 ps (0). 

Kjer et al. build off these previous suc- 
cesses using a two-pronged approach. First, 
they used an exceptionally strongly o-donat- 
ing ligand that is also negatively charged and 
enforces a near perfect octahedral coordina- 
tion sphere in order to substantially destabi- 
lize the otherwise low-lying e, MC state in the 
iron-containing complex (7), causing the LC 
state to become the lowest unoccupied mo- 
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lecular orbital. The switch in orbital ordering 
leads to a low-lying CT excited state that can 
be used to drive chemical reactions. 

Second, the newly reported iron-based 
TMC contains iron(III) rather than iron(ID. 
The iron(III)-TMC contains an unpaired 
electron in the t, ground state, so both the 
ground and ligand-to-metal charge transfer 
(LMCT) excited states are doublets. The ad- 
vantages of the 7>LMCT excited state are two- 
fold: There is no excited-state energy loss as 
a result of singlet-to-triplet conversion that 
is ubiquitous in many TMCs with singlet 
character, and the lower-lying MC scaven- 
ger states (“MC and °MC) are less accessible 
than the scavenger states “MC and °MC) of 
the *>MLCT formed in iron(ID-based TMCs, 
which reduces nonradiative losses. 

For years, the goal of designing ligands for 
iron-based TMCs has been to separate charge 
in the excited state (forming LMCT or MLCT 
states) and to reduce the nonradiative decay 
through the MC scavenger states. This new 
ligand design hits both marks. Kjer et al. 
report that [Fe(phtmeimb),]* (where (pht- 
meimb) is {phenyl[tris(3-methylimidazol- 
lylidene)]borate}-) has a record quantum 
yield of 2% {0.3% greater than the standard, 
[Ru(bpy),]’*} and a lifetime of 2 ns. The tri- 
dentate, facial phtmeimb ligand provides the 
key design element, namely, large o-donor 
ability, which is more pronounced because of 
the negative charge of the borate ligand. 

The combination of time-correlated single- 
photon counting and transient absorption 
spectroscopy indicates that emission occurs 
from the *LMCT state. Furthermore, the 
[Fe(phtmeimb),]* complex is a strong pho- 
tooxidant [a standard reduction potential 
E°(III*/TD) = 1.0 V versus Fe*/°, where Fc is fer- 
rocenium] and photoreductant [#°(IV/III*) 
= -19 V versus Fc*/°] and has been shown 
to act as a facile photoredox agent in two 
model reactions. With this demonstration, 
iron complexes can now feasibly be used as 
photosensitizers in energy-relevant small- 
molecule activations, such as water oxidation 
to produce hydrogen and reduction of carbon 
dioxide into chemical feedstocks. 
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Microbial guardians of skin health 


Skin microbes can promote skin immunity, repair, and antimicrobial defense 


By Apollo Stacy!”* and Yasmine Belkaid’?” 


kin, our largest and outermost organ, 

faces numerous challenges, includ- 

ing wounds, infections, inflammatory 

disorders, and cancer. Fortunately, it 

does not meet these challenges alone. 

Our skin is home to complex microbial 
communities, the skin microbiota, that play 
a fundamental role in the protection and 
control of this barrier surface. Here, we focus 
on Staphylococcus epidermidis as a “poster 
child” of the skin microbiota to illustrate the 
remarkable diversity of functions a microbe 
can exert on skin physiology and health. 

Some of the most abundant constituents 
of the skin microbiota are the coagulase-neg- 
ative staphylococci, a group of bacteria that 
includes S. epidermidis. Although in the past 
these microbes were merely considered fast- 
growing “weeds” and potential pathogens, re- 
cent studies highlight that, analogous to the 
oft-studied gut microbiota, this group also 
assumes prominent roles in promoting tissue 
immunity, repair, and antimicrobial defense. 

Of note, S. epidermidis is more than “one 
microbe.” Individual strains vary dramati- 
cally in their genome content, functional 
potential, and relationship to the host im- 
mune system. Furthermore, the context in 
which S. epidermidis is sensed—for exam- 
ple, by intact or inflamed skin—can have a 
profound impact on interaction outcomes, 
explaining in part the diverse effects that it 
exerts on the host and on other microbes 
(1, 2). These functions can be mediated by 
defined microbial features (see the figure), 
some of which are specific to S. epidermidis 
[for example, unique cell wall products (2)], 
whereas others are shared among many 
members of the skin microbiota [for ex- 
ample, the ability to produce antimicrobials 
(3) or the ability to colonize particular skin 
niches such as hair follicles (4)]. 

As a skin inhabitant, S. epidermidis lives 
in tight association with keratinocytes, the 
cells that constitute the top layer of this or- 
gan. Keratinocytes represent a first line of de- 
fense, yet it remains poorly understood how 
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they peacefully coexist with the skin micro- 
biota. Because unchecked immune tolerance 
to the skin microbiota could lead to micro- 
bial overgrowth, keratinocytes have likely 
co-opted products of microbial metabolism 
as cues to curb its proliferation. Short-chain 
fatty acids (SCFAs) are released by S. epider- 
midis and other skin microbes as metabolic 
waste. As such, SCFAs serve as effective prox- 
ies for the quantity of microbiota, and hence 
its potential threat to skin integrity. For in- 
stance, the SCFAs propionate and valerate 
inhibit the activity of histone deacetylases 
(HDACs) in keratinocytes. This promotes 
gene expression and thereby enables higher 
keratinocyte production of proinflammatory 
cytokines (5). Thus, the metabolic activity of 
the skin microbiota may calibrate the acti- 
vation status of keratinocytes toward either 
tolerance or inflammation. 

In the context of tissue damage, the dialog 
between the skin microbiota and keratino- 
cytes is shaped by microbial products. Cer- 
tain cell wall products are sensed by the host 
through dedicated receptors, such as Toll-like 
receptors (TLRs). In most host cells, micro- 
bial cell wall products trigger inflammation, 
but in keratinocytes, S. epidermidis TLR2 
signaling can, in some contexts, dampen in- 
flammation processes (2, 6). This response 
benefits not only S. epidermidis, by ensuring 
its stable colonization on skin, but also the 
host in contexts where excess inflammation 
is deleterious. For instance, S. epidermidis 
TLR2 signaling can limit inflammation after 
skin injury—an effect that promotes wound 
healing (2)—as well as during infection with 
the acne-associated microbe Cutibacterium 
acnes (6). This anti-inflammatory communi- 
cation occurs through discrete mechanisms. 
In the context of wounds, TLR2 activation 
by S. epidermidis inhibits proinflamma- 
tory TLR3 signaling in response to double- 
stranded RNA from damaged host cells (2), 
whereas in the context of C. acnes infection, 
S. epidermidis TLR2 signaling induces a 
microRNA that limits TLR2 expression, coun- 
teracting TLR2-driven inflammation (6). 
Given the structural and metabolic complex- 
ity of microbial cells, numerous microbiota- 
derived ligands may yet be discovered that 
are recognized by other host receptors. 

Members of the skin microbiota such as 
S. epidermidis can also fully engage com- 
ponents of the adaptive immune system, 
including different subsets of T cells. These 
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cells are noted for acquiring target specific- 
ity and orchestrating highly dynamic im- 
mune responses, ranging from effector (for 
example, aimed at eliminating a pathogen) 
to regulatory (suppressive). S. epidermidis 
can finely tune both types of responses. In 
early life, cells with regulatory function [for 
example, regulatory T cells (Tyegs)| migrate 
to skin after the skin microbiota colonizes 
hair follicles. As these Tas are microbiota- 
specific, they are instrumental to establish- 
ing tolerance to skin microbes including S. 
epidermidis (4). 

The two major subsets of effector T cells 
are helper (T,,) and cytotoxic (T,) cells. Al- 
though many skin microbes can promote 
the accumulation of T,, cells, S. epidermidis 
is rare in its ability to recruit and license the 
function of T, cells (1). Remarkably, T,, cells 
acquire specificity to S. epidermidis through 
an evolutionarily ancient arm of immunity. 
This pathway involves the presentation of S. 
epidermidis peptides on nonclassical antigen- 
presenting molecules by dendritic cells to T,, 
cells (7). S. epidermidis-specific T,, cells can 
provide multiple benefits to the host through 
their ability to alter the behavior of keratino- 
cytes. These benefits include protecting the 
skin against foreign pathogens (8) and accel- 
erating the healing of skin wounds (7). 

Antimicrobial peptides (AMPs) are se- 
creted by keratinocytes to fortify the skin 
against pathogens. Notably, their production 
can be augmented by cues from S. epider- 
midis. These cues can be sensed directly via 
TLR2 (2) or transduced by S. epidermidis- 
specific T, cells that instruct keratinocytes 
to express AMPs (1). Both pathways promote 
keratinocyte AMP expression and killing of 
diverse microbial pathogens, including bac- 
teria and fungi (/, 2). Because S. epidermidis 
has built-in defenses, such as modifying its 
cell wall with positively charged residues that 
repel AMPs (9), these responses may benefit 
not only the host but also S. epidermidis by 
eliminating its potential competitors. 

S. epidermidis also interacts with other 
microbes directly, independently of the host. 
Often, these interactions are antagonistic, 
revolving around competition for space and 
nutrients. Antagonism is especially promi- 
nent in the nasal cavity, a primary reservoir 
of the pathogen S. aureus. In this niche, S. 
epidermidis can displace S. aureus by secret- 
ing the protease Esp that degrades S. aureus 
adherence proteins (3). Microbes can further 


18 JANUARY 2019 » VOL 363 ISSUE 6424 227 


610g ‘Lz Auenuer uo /Bio bewsouslds 90ua!0s//:dyjy Wold paepeojuMOG 


INSIGHTS | PERSPECTIVES 


compete by producing antimicrobials, usu- 
ally peptides, that directly kill specific spe- 
cies or strains (bacteriocins) (3) or interfere 
with their coordination of microbial group 
behaviors (quorum-sensing inhibitors) (0). 
In a systematic analysis of nasal isolates, S. 
epidermidis was identified as an especially 
frequent producer of antimicrobials (77). As 
such, S. epidermidis may play a dominant 
role in shaping the microbiota in defined 
settings. This is illustrated by the microbiota 
associated with atopic dermatitis (AD), a 
type of eczema that is characterized by re- 
curring flares of dry, itchy skin. These flares 
are thought to be driven by colonization with 


vide an important strategy for the control of 
antibiotic-resistant pathogens. 

However, S. epidermidis does not always 
act in the host’s interest. Although S. aureus 
predominantly colonizes strong AD flares, 
mixed populations of S. epidermidis strains 
prevail in less severe flares (73). These strains 
are genetically related to strains acquired in 
hospitals, where S. epidermidis is one of the 
most frequent causes of sepsis in newborns 
(9). A hallmark of these strains is the pres- 
ence of staphylococcal chromosome cassette 
(SCC) mec genetic elements that can encode 
not only methicillin antibiotic resistance but 
also a potent peptide toxin, the phenol-sol- 


The multifaceted roles of S. epidermidis in skin physiology 

S. epidermidis guards skin against inflammation, infections, and cancer through interactions with 
keratinocytes, T cells, and other members of the skin microbiota. These interactions are strain- and context- 
dependent, with some leading to negative outcomes for the host, including inflammation and infection. 
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S. aureus and are associated with a loss of S. 
epidermidis strains that produce S. aureus- 
targeting bacteriocins. Reintroduction of a 
cocktail of bacteriocin-producing microbes 
decolonizes AD-affected sites of S. aureus 
(12), which suggests that this condition may 
represent a target for ecology-based ther- 
apy. This type of therapy, rather than elimi- 
nating pathogens by brute force, leverages 
understanding of the preferred niche of a 
pathogen in order to make it less habitable. 
The appeal of this approach is that, com- 
pared to antibiotic therapy, it is much less 
likely to harm the indigenous microbiota in 
a patient. Such an approach could also pro- 
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uble modulin PSM-mec. During sepsis, this 
toxin mediates the killing of neutrophils (cru- 
cial inflammatory immune cells), the survival 
of S. epidermidis in blood, and ultimately 
host death (14). 

Furthermore, the ability of S. epidermidis 
to limit inflammation can be exploited to the 
advantage of pathogens such as S. aureus. In 
the liver, macrophage uptake of the cell wall 
polymer peptidoglycan from S. epidermidis 
or other defined skin microbes strongly sup- 
presses production of antimicrobial reactive 
oxygen species. Because of this, bloodstream 
infection by S. aureus and S. epidermidis— 
for example, as a consequence of intravas- 
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cular catheterization—promotes S. aureus 
survival in the liver and reduces its infectious 
dose (15). 

Although many of the products made 
by S. epidermidis likely evolved for its sur- 
vival on skin, these products can also have 
unexpected, off-target effects. Remarkably, 
one such product, 6-N-hydroxyaminopu- 
rine (6-HAP), an antimicrobial that nor- 
mally targets skin pathogens, has recently 
been shown to inhibit tumor cell growth. 
6-HAP, an analog of the DNA nucleotide 
base adenine, interferes with the essential 
process of DNA replication. Keratinocytes, 
however, are resistant to 6-HAP because, 
unlike tumor cells, they highly express en- 
zymes that can detoxify 6-HAP. In mice, 
topical application of 6-HAP-producing 
strains of S. epidermidis protects against 
ultraviolet-induced skin tumors (J6). In- 
triguingly, such strains are commonly 
found on the skin of healthy human indi- 
viduals, which suggests that the composi- 
tion of the skin microbiota could affect the 
development of skin tumors. 

S. epidermidis has emerged as an influen- 
tial, keystone member of the skin microbiota. 
Although particular strains are contextually 
pathogenic, their multifarious roles in skin 
immunity and antimicrobial defense sug- 
gest that most S. epidermidis strains bolster 
our skin health overall. Much remains to be 
learned about the beneficial role of the nu- 
merous other microbes that constitute the 
skin microbiota. Precise editing of the micro- 
biota, such as by providing nutrients targeted 
at promoting the growth of defined members 
of the skin microbiota such as S. epidermi- 
dis, or the direct application of purified mi- 
crobiota-derived products may one day hold 
strong therapeutic value in the fight against 
skin inflammatory disorders, infections, 
wounds, and cancer. ® 
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NEUROSCIENCE 


The cerebellum is involved in the main 
circuits that regulate social behavior in mice. 


The cerebellum gets social 


The cerebellum can regulate behavior by controlling 


dopamine release 


By Egidio D’Angelo 


he cerebellum contains the second 

main cortex of the brain and ~50% of 

the neurons that constitute the brain. 

Although the cerebellum has long 

been thought to subserve motor learn- 

ing and coordination, more recently it 
has been recognized to take part in cognitive 
and emotional processing. Additionally, evi- 
dence for cerebellar involvement in autism 
spectrum disorder (ASD), schizophrenia, 
and addiction is growing. On page 248 of 
this issue, Carta et al. (1) extend this theme 
and show that the cerebellum can activate 
the ventral tegmental area (VTA). The VITA 
is a mesencephalic nucleus giving rise to the 
mesocortical and mesolimbic fiber bundles 
that release dopamine to the prefrontal cor- 
tex and ventral striatum. Dopamine, in turn, 
plays a fundamental role in cognitive and 
emotional functioning by regulating motiva- 
tion and reward. This places the cerebellum 
into the main circuits regulating brain states 
and social behavior. 

Behavior can be defined as a coordinated 
series of motor acts and neurovegetative 
changes centered on a certain target (2). 
There are several elements that contribute 
to the behavioral response, and historically 
these have been separated and attributed to 
different parts of the brain. The cerebral cor- 
tex is classically thought to play a planning 
and decisional role; the basal ganglia to con- 
trol action selection, motivation, and reward; 
the cerebellum to coordinate motor actions; 
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and the hippocampus to allow spatial naviga- 
tion (3). Although these stereotypes may help 
to conceptualize how the behavioral response 
is generated, they are oversimplifications (4) 
because brain circuits are interconnected 
at multiple levels and influence each other 
through neuromodulatory systems, as dem- 
onstrated by Carta et al. 

The cerebral cortex is bidirectionally con- 
nected with the cerebellum through multiple 
neural circuits (5-8). In humans, these cir- 
cuits involve the motor cortical areas but also 
areas that regulate cognition, emotion, atten- 
tion, and social behavior. These nonmotor 
areas receive more than 80% of all the nerve 
fiber tracts that travel between the cerebel- 
lum and cerebral cortex through the deep 
cerebellar nuclei and thalamus (9). 

The prototypical mode of action of the 
cerebellum has been characterized for mo- 
tor coordination (5). The cerebral cortex 
elaborates the motor plan as a predictive 
sensory state (6, 7), which is conveyed to the 
cerebellum through descending pathways. 
In the cerebellum this plan is compared to 
the actual sensory state, which is conveyed 
through the afferent sensory pathways. 
According to the motor learning theory, 
through this comparison the cerebellar cir- 
cuit learns to minimize motor errors (JO). It 
has been argued that this process could be 
generalized to the cognitive and emotional 
domains (/7). The results of Carta et al. imply 
that a similar mechanism could be used to 
regulate the motivation and reward cycle. 

In functional magnetic resonance imaging 
(fMRI) studies, different areas of the cerebel- 
lum are activated depending on the nature of 
tasks performed by the subjects. The anterior 
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cerebellum is activated in relation to motor 
commands, whereas the posterior cerebel- 
lum and the hemispheres become activated 
when, for example, we see actions performed 
by others, we evaluate sensory perceptions, 
and we feel emotions (12). Moreover, the cer- 
ebellum shows coherent activation together 
with several areas of the cerebral cortex and 
hippocampus in the so-called fMRI resting- 
state networks. These include the default- 
mode network, the salience network, and 
the attention networks, which regulate the 
switch from an internal reference state to 
external target-oriented behaviors (13). The 
study of Carta et al. implies that the specific 
modules of the cerebellum, as part of these 
brain networks, contribute to action selec- 
tion and behavioral switching. 

Surprisingly, Carta et al. find that the 
cerebellum regulates the motivation and re- 
ward process that is typically attributed to 
the basal ganglia. The authors demonstrate 
that in mice, monosynaptic connections 
from the fastigial nucleus of the cerebellum 
regulate the activity of the VTA directly. In 
this way, the cerebellum can regulate func- 
tions related to decision-making, emotional 
control, and attentional switching. The 
same group showed that the cerebellum 
communicates directly with the basal gan- 
glia (14). The findings of Carta et al. reveal 
a more complex scenario in which the two 
main subcortical circuits coordinate dopa- 
mine functions in the brain. 

Carta et al. suggest that dysfunction of the 
cerebellum-VTA connection could contribute 
to the pathogenesis of diseases in which the 
dopaminergic system is dysregulated, includ- 
ing ASD and schizophrenia (15), and to condi- 
tions such as drug addiction. These proposals 
need critical validation in humans. This study 
opens a new avenue for interpreting the 
function of the cerebellum and also for un- 
derstanding social behavior and related pa- 
thologies, with the potential to discover novel 
therapies to treat these diseases. 
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STRUCTURAL BIOLOGY 


Adaptations of an ancient modular machine 


Mechanism of energy conversion is conserved in the complex I superfamily 


By Ulrich Brandt 


ll expressions of life ultimately de- 

pend on energy derived from redox 

chemistry and photosynthesis. On 

page 257 of this issue, Schuller et ai. 

(1) report the structure of photosyn- 

thetic complex I at atomic resolu- 
tion. The authors have analyzed how the 
distinct NADH [reduced form of oxidized 
nicotinamide adenine dinucleotide (NAD*)] 
dehydrogenase subunit S (NdhS) facilitates 
electron transfer from ferredoxin, thereby 
establishing efficient cyclic electron flow 
around photosystem I. The findings add an 
important piece to the puzzle of deciphering 
the enigmatic mechanisms at work in the 
remarkable molecular machines of the com- 
plex I superfamily encompassing photosyn- 
thetic and respiratory complex I, as well as 
proton pumping hydrogenases. In combina- 
tion with high resolution struc- 
tures of respiratory complex I 
from bacteria (2), mitochondria 
(3-5), and membrane bound hy- 
drogenase (6), it is now possible 
to trace the modular evolution 
and functional adaptations of 
the complex I superfamily at the 
atomic level. 

Evolutionary studies suggest 
that the metabolism of the last 
universal common ancestor re- 
lied on the reduction of carbon 
dioxide and nitrogen by hydro- 
gen and hydrogen sulfide, as- H 
sisted by transition metals such 


Modular design of the 
complex | superfamily 


The complex | superfamily evolved 
from different soluble hydrogenases 
and Mrp sodium-proton antiporters 
by combining ancient modules dating 
back to the last universal common 
ancestor. Its members have adapted 
to use diverse substrates, yet several 
functional domains are conserved. 


biological electron transfer, respiration, and 
photosynthesis were closely intertwined and 
accompanied by the modular unfolding of 
the complex I superfamily of redox enzymes. 

The module common to all members of 
the complex I superfamily is provided by 
soluble [NiFe] hydrogenases (8). These hy- 
drogenases have a [NiFe] active site and 
catalyze the reversible conversion of hydro- 
gen to protons and electrons. They also fea- 
ture a chain of three iron-sulfur clusters and 
harbor a substrate binding site for hydrogen 
(H-module) or plasto-, mena-, or ubiquinone 
(Q-module). Although the active site evolved 
to bind chemically different substrates while 
concomitantly losing the [NiFe] center— 
from soluble hydrogenase to mitochondrial 
complex I—both the sequence and struc- 
ture of nearby domains are conserved (3, 4, 
9, 10). Hydrogenases acquired a membrane 
anchor and a proton-translocating module 


Modules 


ms) 


H Hydrogen binding 

Q Quinone binding 

S Sodium translocating 

F Ferredoxin binding 

P, Distal proton translocating 
P, Proximal proton translocating 
P,,, Proton translocating | and II 


(P,) from the multiple resistance and pH 
(Mrp)-type sodium-proton antiporter, yield- 
ing the energy-converting hydrogenase (Ech) 
that energetically connects electron transfer 
between ferredoxin and hydrogen to proton 
translocation across a membrane. The Mrp 
transporters also trace back to the last uni- 
versal common ancestor, in which they are 
proposed to play a role in establishing the so- 
dium gradient across the plasma membrane 
to drive primordial adenosine triphosphate 
(ATP)-synthase (7). The structure of the hy- 
drogen gas-evolving membrane-bound hy- 
drogenase (Mbh) revealed that it retained 
the sodium translocating module (S) of Mrp 
and expanded the P,-module by adding three 
additional subunits. This resulted in a com- 
position very similar to that of the proximal 
proton pumping (P,,) module of complex I (6). 
Instead of the S-module, photosynthetic and 
respiratory complex I retained the second 
proton-translocating module of 
Mrp (P,,), duplicating it to form 
the distal proton pumping (P,,) 
module. Strikingly, however, 
as compared with Mbh, the P,- 
module is rotated 180° in the 
membrane plane in complex I, 
probably retaining the relative 
topology of the modules in Mrp. 
This is particularly remarkable 
because irrespective of the orien- 
tation of the P,-module, proton 
pumping is driven by the redox 


oN 
t N : | chemistry taking place in the ho- 
H mologous Q- or H-module. 


The membrane-bound _hy- 


as iron, nickel, and molybdenum Soluble Mrp sodium—proton NAD*-reducing drogenases of the complex I su- 
(7). This basal redox chemistry mycrogenase anuiporters hydrogenase perfamily mostly use ferredoxin 
provided the building blocks I as the electron donor or accep- 
for organic molecules, nucleic | { Complex | superfamily | tor for the H-module. Ferredoxin 
acids, and proteins. The integra- also reduces the Q-module of 
tion of photosynthesis into this H photosynthetic complex I, pass- 
primordial power supply tapped ing on electrons from photo- 
sunlight as an unlimited energy system I. However, as shown 
source. With the advent of water Energy-converting by Schuller et al., an additional 
splitting photosynthesis and ter- hydrogenase NdhS subunit (see the figure, 
minal oxidases, oxygen became module F) greatly facilitates 
the major player in the overall recognition and binding of the 
cycle of biological energy. Thus, N 4 redox protein, thereby optimiz- 
going back to the origin of life, aw hee ing cyclic electron transfer. Re- 

H Q Q spiratory complex I turned into 
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group of [NiFe] hydrogenases is only dis- 
tantly related to the H/Q-module of the com- 
plex I superfamily. Thus, respiratory complex 
Thas evolved by combining ancient modules 
from two different groups of hydrogenases 
and Mrp sodium-proton antiporters. This 
core structure was then retained all the way 
from bacterial to mammalian complex I. 

Several conclusions can be drawn from 
the adaptive development of the super- 
family originating from simple soluble hy- 
drogenases and leading to the large and 
complicated molecular machine of mam- 
malian complex I. Proton pumping by the 
P,/P,-module is driven by redox chemistry 
catalyzed by the H/Q module, irrespective of 
its orientation in the membrane domain. Dif- 
ferent additional ion-translocating modules 
from Mrp are docked onto this central unit. 
In the P,-module, even two closely related 
modules are stacked onto the P,-module. It 
seems that this works because the central 
axes of protonable residues common to all 
modules of the Mrp transporter can connect 
flexibly with each other. This is in line with 
the proposed mechanism of electrostatic en- 
ergy transmission into the central axis from 
the H/Q-module and from one pump site to 
the next, both of which feature broken trans- 
membrane helices found in many ion trans- 
porters. During the conversion from the H 
into the Q-module, the hydrogen reactive 
[NiFe] center was transformed into binding 
pockets for different kinds of hydrophobic 
quinones. Remarkably, the fold surrounding 
this active site and even a substantial num- 
ber of critical residues are highly conserved 
(9). This holds in particular for a cluster of 
three critical loops that connect the active 
site with the common membrane anchor, 
which has been implicated in generating the 
electrostatic pulse transmitted toward the 
pump modules in the membrane domain of 
complex I (4, 17) and is already present in 
membrane-bound hydrogenase (6). 

Studying the conserved structural ele- 
ments and understanding the functional 
adaptions of complex I superfamily mem- 
bers will greatly help to understand the still 
poorly understood molecular mechanism of 
these distinct redox-driven ion pumps. 
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THERAPEUTICS 


Gene therapy for pathologic 


gene expresston 


Haploinsufficiency in disease can be overcome by boosting 


gene expression with CRISPR 


By Lindsey E. Montefiori and 
Marcelo A. Nobrega 


aploinsufficiency arises when one 

copy of a gene is functionally lost, of- 

ten through nonsense or frameshift 

mutations or small chromosomal 

deletions. The resulting monoallelic 

expression is not sufficiently com- 
pensated for by the intact allele, ultimately 
leading to decreased expression of the gene 
product and resulting in pathologic pheno- 
types (J). What are the therapeutic options 
for diseases rooted in insufficient gene ex- 
pression? One possible viable option is to 
restore normal gene expression levels by 
enhancing their transcription in a targeted 
fashion. On page 246 in this issue, Matharu et 
al. (2) report a CRISPR-based gene-activation 
approach that can increase the expression of 
normal endogenous genes in a tissue-specific 
manner, setting the stage for the develop- 
ment of new gene-regulating therapies for 
gene dosage-associated diseases. 

Among the emerging applications of 
CRISPR-based gene editing are techniques 
that use a catalytically inactive Cas9 en- 
zyme (dCas9) fused to a protein domain to 
modulate transcription (3). These fusion 
proteins can be recruited by way of guide 
RNAs (gRNAs) to specific genomic locations, 
including promoters and cis-regulatory ele- 
ments such as enhancers, which regulate 
gene expression. If the recruitment site is 
transcriptionally competent, the result is 
activation (CRISPRa) or repression/interfer- 
ence (CRISPRi) of transcription. Although 
this strategy has been applied in human cell 
culture and animal models (4, 5), the ulti- 
mate task of employing CRISPRa to thera- 
peutically rescue pathologic gene expression 
has not been fully realized. Matharu et al. 
use CRISPRa to restore the expression of 
two haploinsufficient genes, single-minded 1 
(Sim1) and melanocortin 4 receptor (Mc4r), 
to physiological amounts in mouse models 
of severe early-onset obesity. Haploinsuffi- 
ciency of either gene causes severe obesity 
in humans, and previous work in mice es- 
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tablished that SIM1 and MC4R control eat- 
ing behavior through their expression in the 
hypothalamus (6-8); therefore, a relevant 
therapeutic intervention would target gene 
expression specifically in the hypothalamus. 

Because Simi and Mc4r are expressed in 
multiple tissues, an important first step was 
to address whether it is feasible to modu- 
late expression in a tissue-specific manner. 
The authors tested two approaches, focus- 
ing initially on SimJ: (i) Target CRISPRa to 
the promoter of the remaining functional 
Simi gene to enhance expression wher- 
ever Simi was already active, and (ii) tar- 
get CRISPRa to a 270-kb distal enhancer 
that controls Simi expression specifically 
in the hypothalamus (see the figure). Both 
approaches were employed in transgenic 
animals expressing the CRISPRa reagents 
(dCas9 fused to the transcriptional activa- 
tor VP64), as well as recombinant adeno- 
associated virus (rAAV)-mediated delivery 
of CRISPRa directly into the hypothalamus. 
In all cases, hypothalamic SimI expression 
was restored to wild-type levels and the 
mice did not become obese, demonstrat- 
ing robust prevention of a haploinsufficient 
phenotype by enhancing endogenous gene 
expression. Interestingly, the authors found 
that they could manipulate SimJ expression 
exclusively in the hypothalamus by target- 
ing the hypothalamic enhancer instead of 
the SimI promoter, indicating that to obtain 
tissue-specific transcriptional modification, 
CRISPRa will likely need to be deployed to 
tissue-specific regulatory elements. Injec- 
tion of rAAV-based CRISPRa into the hy- 
pothalamus of Mc4r haploinsufficient mice 
similarly prevented obesity, further demon- 
strating the strength of this approach. 

This strategy illustrates what could 
emerge as an important new approach to 
treating gene expression disorders and 
raises the possibility of expanding the scope 
of CRISPRa and CRISPRi technology to 
treat diseases that involve pathogenic over- 
expression of a gene, particularly in cancer. 
For example, somatic mutations in a subset 
of pediatric T cell acute lymphoblastic leu- 
kemia (T-ALL) result in the formation of a 
highly active enhancer that drives onco- 
genic TALI gene overexpression (9). More- 
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over, MYC gene expression in human B cell 
acute myeloid leukemia (AML) was recently 
shown to be dependent on a 1.7-megabase 
distal enhancer element (0). Both stud- 
ies demonstrated that disrupting these en- 
hancer elements negatively affected cancer 
cell survival, providing a precedent for de- 
veloping CRISPRi as a therapeutic approach 
to inactivate cancer-promoting enhanc- 
ers. Although transcription factors such as 
TALI and MYC are among the most potent 
oncoproteins, targeting them with small- 
molecule inhibitors has proven challenging. 
The results presented by Matharu e¢ al. sug- 
gest that it should be possible to circumvent 
protein-targeted therapies by quelling onco- 
gene expression at its source—transcription. 


phenotype later in life. Many haploinsuffi- 
cient disorders in humans are likely to be 
therapeutically actionable only after the 
disease phenotypes are partially or fully es- 
tablished. Future experiments should test 
the therapeutic benefit of targeting gene 
expression with the goal of reversing a hap- 
loinsufficient phenotype. Additionally, it is 
important to recognize that many enhanc- 
ers are dynamic, meaning that they may act 
at specific developmental stages and change 
their tissue specificity with time (77). Fortu- 
nately, the authors were able to capitalize 
on a developmentally stable tissue-specific 
enhancer, although it is unclear how often 
this will be the case for targeting enhancers 
of other haploinsufficient genes. 


Enhancing endogenous gene expression with CRISPRa 

Most genes are biallelically expressed; however, heterozygous mutations can cause haploinsufficiency, 
resulting in 50% less functional protein. Recruitment of CRISPRa to the endogenous promoter or enhancer of 
the gene in mouse models causes up-regulation of the wild-type copy, leading to normal expression levels. 


Haploinsufficient gene 


Tissue-specific enhancer 


Allele 1 


Allele 2 


A key advancement in the study by 
Matharu e¢ al. is their use of rAAV to deliver 
CRISPRa reagents in vivo. For a CRISPR- 
based therapeutic to be relevant for use in 
humans, it will likely need to be packaged 
within a virus and administered intrave- 
nously, because most targeted cell types will 
not be available for ex vivo manipulation and 
implantation. rAAV is nonpathogenic and 
displays a high delivery potential, making 
it a viable option for effectively introducing 
CRISPR reagents to human cells. CRISPRa 
and CRISPRi approaches have the added 
benefit of modulating gene expression with- 
out modifying the genome, thereby avoiding 
potential off-target mutations. Thus, pairing 
CRISPRa with rAAV to treat a gene expres- 
sion disorder in vivo is an important step 
forward in the development of expression- 
based therapeutics. 

Although Matharu et al. demonstrate 
that CRISPR-based up-regulation of a hap- 
loinsufficient gene can prevent obesity, this 
study also raises the important question 
of whether a disease phenotype can be re- 
versed. Because the authors administered 
CRISPRa reagents to mice at 4 weeks of 
age—before the onset of obesity—they did 
not address the potential to rescue the 
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Allele 1 


Allele 2 


Naturally occurring and pathogenic gene 
regulatory DNA elements provide a tailored 
therapeutic route to targeting gene expres- 
sion. The results presented by Matharu et 
al. underscore the importance of identifying 
and carefully characterizing the enhancers 
that control gene expression. Large-scale ef- 
forts have identified thousands of putative 
enhancers in hundreds of human cell types. 
However, cell types representing diverse 
disease states, particularly from human pa- 
tients, remain understudied. Knowing the 
full repertoire of gene regulatory elements 
and their target genes (12) in these cell types 
is likely to provide critical insight that can be 
exploited for CRISPR-based therapeutic ap- 
proaches to modify gene expression. 
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IMMUNOLOGY 


B cells, CMV, 
and stem cell 
transplant 


Host antibodies help prevent 
CMV dissemination after 
bone marrow transplantation 


By Maria-Luisa Alegre 


ematopoietic stem cell transplanta- 

tion (HSCT) is a potentially curative 

therapy for various malignant and 

nonmalignant conditions but can 

be complicated by infections such 

as reactivation of cytomegalovirus 
(CMV). CMV is a ubiquitous DNA herpes 
virus comprising various distinct strains 
(1). Around 60 to 90% of healthy adults are 
seropositive, indicating past exposure to the 
virus, although infections in healthy people 
are often mild or asymptomatic. After ini- 
tial acute infection, CMV enters a latent 
phase, similar to other herpes viruses. It 
has been suggested that CMV infection may 
confer an immunological benefit, perhaps 
explaining its prevalence, because com- 
parison of seropositive and seronegative 
individuals has shown that CMV infection 
results in greater responses to the flu vac- 
cine (2). The immune system is essential to 
control the initial infection and to prevent 
later CMV reactivation, as demonstrated by 
the high incidence of CMV reactivation in 
immunosuppressed patients such as HSCT 
recipients. Whereas the incidence and se- 
verity of CMV transcriptional reactivation 
and cell-to-cell dissemination after HSCT 
has substantially diminished since the 
adoption of prophylactic or preemptive an- 
tiviral therapies (3), CMV remains the most 
important viral infection after HSCT, espe- 
cially in high-risk patients (such as seropos- 
itive recipients of seronegative donors), and 
can lead to life-threatening CMV disease in 
~10% of HSCT recipients (4). On page 288 
of this issue, Martins et al. (5) make the 
unexpected observation, in mice undergo- 
ing bone marrow transplantation (BMT) as 
a model of HSCT, that strain-specific CMV 
antibodies made by host B cells play a cru- 
cial role in preventing CMV dissemination 
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after BMT. They propose that passive trans- 
fer of antibodies that are matched to the la- 
tent CMV strain in HSCT recipients might 
constitute a powerful and easy therapeutic 
approach to prevent CMV disease. 

It is thought that a8 T cells, y6 T cells, 
natural killer (NK) cells, and B cells all con- 
tribute to curbing CMV infection (6) and 
that anti-CMV CD8* T cells are especially 
important in CMV immune surveillance and 
prevention of reactivation and dissemina- 
tion. Analysis of cadaveric organ donor tis- 
sue has revealed potential sites of active T 
cell-mediated CMV clearance in the blood, 
bone marrow, and spleen and reservoirs of 
viral persistence in the lung coexisting with 
active antiviral T cells (7). Indeed, transfer of 
anti-CMV CD8* T cells from donors is one 
of the approaches investigated to treat CMV 
reactivation in immunosuppressed patients 
(8). Martins et al. found that in mice, T cell 
immunosuppression or depletion alone is 
insufficient to enable CMV reactivation after 
BMT, and only when host B cells and plasma 
cells are eliminated [by graft-versus-host 
disease (GVHD), a process by which donor 
T cells can attack host cells, or by genetic 
deficiency] in addition to T cell and NK cell 
depletion does infection emerge (see the fig- 
ure). Moreover, they demonstrate that pro- 
tection from CMV reactivation conferred 
by antibodies is much more efficient if it is 
strain specific. Additionally, protection by 
antibodies that prevent cell-to-cell dissemi- 
nation is more effective than by antibod- 
ies that prevent cell entry. Whether these 
discoveries in mice—by using a different 
conditioning regimen from that used in the 
clinic and, by necessity, mouse rather than 
human CMV (which are quite different)— 
are relevant to the clinical situation merits 
careful examination. 

Recipients of allogeneic HSCT can be 
treated with a variety of regimens to pre- 
vent the host immune system from rejecting 
the allogeneic stem cells, with a heavy focus 
on T cell immunosuppression. These con- 
ditioning regimens may include total-body 
irradiation at high or low doses, cytoreduc- 
ing chemotherapy drugs, and antithymocyte 
globulin (ATG) or anti-CD52 (alemtuzumab) 
to eliminate host T cells. Given the findings 
of Martins et al., it is compelling to con- 
sider how these clinical treatments may af- 
fect antibody-producing B cells and plasma 
cells because CMV reactivation in the clinic, 
unlike in mice, can occur in the absence of 
GVHD. Plasma cells are thought to be some- 
what radioresistant, but ATG is a mixture 
of polyclonal antibodies, some of which can 
target B cells and plasma cells (9), and CD52 
is expressed on both T and B cells. HSCT 
recipients have been reported to experience 
prolonged B cell depletion (0) and might 
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thus develop a reduction in CMV-specific 
antibody titers after HSCT. Prospective fol- 
lowing of CMV-specific antibody titers may 
be of interest in the clinic to see whether this 
is indeed the case. 

Prevention or treatment of CMV with im- 
munoglobulins has usually been ineffective 
in HSCT recipients (17). The authors argue 
that this may be because these reagents, 
which come from sera pooled from many 
donors, may not contain sufficient concen- 
trations of antibodies specific to the CMV 
strain infecting a given recipient. That hu- 
mans can experience successive infections 
with different CMV strains (72) supports 
the possibility that the protective effect of 
CMV antibodies is strain specific or at least 


tion of CMV that is inside infected cells. The 
authors show that neutralizing antibodies 
that prevent cell infection are not as pro- 
tective when injected in vivo as those that 
prevent cell-to-cell dissemination in vitro, 
which may provide insights for vaccine de- 
sign. Much effort has been devoted to de- 
veloping vaccines against human CMV (13). 
The study of Martins et al. support giving 
further consideration to the role of humoral 
immunity in the prevention of reactivation 
and dissemination of CMV after clinical 
HSCT, the therapeutic potential of strain- 
specific serum transfer, and the rational 
vaccine design either for CMV-seronegative 
recipients or to boost or broaden responses 
of seropositive recipients before HSCT. 


B cells help prevent CMV reactivation 

T cells, NK cells, and B cell-derived antibodies contribute to the prevention of mouse CMV dissemination 
after BMT. Killing of host B cells and plasma cells by alloreactive donor T cells (GVHD) in combination with 
therapeutic deletion of T cells and NK cells resulted in CMV infection of latently infected hosts. 
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that antibodies generated after a given CMV 
infection are not broadly cross-protective 
against other strains. This is consistent with 
the observation of Martins et al. that in their 
mouse model, protection against CMV reac- 
tivation is only conferred by strain-specific 
serum and not when this serum is diluted 
with sera containing antibodies reactive 
to other strains. If confirmed in the clinic, 
generation of a collection of sera specific for 
each CMV genotype may be useful for pas- 
sive antibody therapy in the future. 

An additional point to consider is how 
antibodies may work to prevent reactiva- 
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INSIGHTS 


SCIENCE AND REGULATION 


Oversight of direct-to- 
consumer neurotechnologies 


Efficacy of products is far from clear 


By Anna Wexler' and Peter B. Reiner? 


arketed for the purpose of modu- 
lating cognition or a variety of 
affective and mental states, a grow- 
ing ecosystem of neurotechnology 
products is being sold direct to 
consumers (DTC) without necessi- 
tating the physician as intermediary. Offer- 
ing individuals the prospect of monitoring 
and manipulating a range of brain func- 
tions from memory to mental health, the 
major product categories are neuromoni- 
toring devices, cognitive training applica- 
tions, neurostimulation devices, and mental 
health apps. The market for these products 
is predicted to top $3 billion by 2020 (J). Yet 
there are good reasons to conclude that reg- 
ulatory oversight of DTC neurotechnologies 
is insufficient. We suggest ways to provide 
systematic support for regulatory agencies, 
funding bodies, and a public that is thirsty 
for knowledge about the efficacy of DTC 
neurotechnology products. 
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UNCLEAR EFFICACY, POTENTIAL HARMS 

These products are neurotechnologies inso- 
far as they appeal to the fruits of the brain 
and cognitive sciences; indeed, the impri- 
matur of science is often an integral part 
of their marketing. One overarching issue 
is whether DTC neurotechnologies work as 
advertised. The problem is threefold. First, 
many companies have conducted little to 
no original research on the effectiveness 
of their products. Second, many DTC neu- 
rotechnology companies sell products that 
are loosely based on scientific research, 
yet it is unclear whether data gathered in 
the laboratory are applicable to consumer- 
grade products. For example, consumer 
electroencephalography (EEG) devices are 
designed differently from research-grade 
EEG devices (e.g., they employ fewer elec- 
trodes) and are used in different ways (e.g., 
they require the individual himself or her- 
self, not a trained technician, to position 
the EEG headset). Third, in many domains 
of DTC neurotechnology, there is a lack of 
scientific consensus with regard to efficacy: 
Questions have been raised about whether 
devices that deliver transcranial direct cur- 
rent stimulation (tDCS) can improve cog- 
nitive performance (2), whether cognitive 
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Direct-to-consumer marketing 
of neurotechnologies is on the rise. 


gains from brain-training games are gener- 
alizable (3), and whether the behavioral ef- 
fects of EEG neurofeedback (4) and mental 
health apps (5) are due to placebo. 

tDCS devices present the possibility of 
overt harms such as skin burns, which are 
reported by a small portion of users (6). 
Also worth mentioning are the potential 
psychological harms from DTC neurotech- 
nologies. For example, many consumer 
EEG devices purport to “read” one’s emo- 
tional state (e.g., as stressed, meditative, or 
focused). Yet these devices have not been 
independently validated and may provide 
false information. If a consumer EEG device 
erroneously shows that an individual is in 
a stressed state, this may cause him or her 
to become stressed or to enact this stressed 
state, resulting in unwarranted psychologi- 
cal harm (7). Individuals may learn from a 
smartphone app that they have symptoms 
of depression—yet the diagnosis is provided 
without support structures that exist within 
the medical realm, such as a psychologist or 
mental health counselor. 


PUBLIC UNDERSTANDING AND ETHICS 

It is difficult for the public to assess the 
validity of claims made by DTC neurotech- 
nology companies. Even those who are 
interested in developments in neurotech- 
nology see navigating product claims as a 
key concern in the brain fitness field (8). Re- 
search has found that the public is unsure 
of which activities actually benefit their 
cognition. More than a quarter of adults age 
40 and older believe that the best way to 
maintain or improve brain health is to play 
so-called “brain games” like Lumosity, even 
though there is little scientific evidence to 
support this notion (9). 

No single DTC neurotechnology has yet 
demonstrated the kind of overwhelming 
efficacy that would result in widespread 
public adoption. However, if a new tech- 
nology were to display the sort of efficacy 
that the field aspires to, a host of ethical 
concerns would arise. One common issue 
brought forward by neuroethicists is dis- 
tributive justice: To the extent that cog- 
nitive ability influences socioeconomic 
status, premium pricing of cognitive en- 
hancers could serve to exacerbate exist- 
ing inequality gaps. Moreover, cognitive 
enhancement technologies hold particular 
appeal for populations such as the elderly, 
for whom cognitive decline is among the 
most frightening of prospects. The popu- 
larity of brain fitness software in the face 
of unproven efficacy is a testament to the 
appeal of this class of product. 
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REGULATORY INSUFFICIENCIES 

One might imagine that DTC neurotech- 
nologies would be classified as medical 
devices. But in much the same way that 
dietary supplements can avoid being clas- 
sified as drugs by refraining from making 
claims about treating or diagnosing dis- 
ease, so, too, do most DTC neurotechnolo- 
gies avoid classification as medical devices 
by limiting their claims to wellness (e.g., 
“optimizing focus”). Indeed, a recent guid- 
ance from the U.S. Food and Drug Admin- 
istration (FDA) clarified that the agency 
would not be enforcing medical device reg- 
ulations for “low-isk” products marketed 
for wellness purposes (10). This guidance 
suggested that tDCS products would fall 
within the agency’s jurisdiction, but the 
FDA has not taken public enforcement ac- 
tion against consumer tDCS products. 

Venture capitalists interested in financing 
neurotechnologies have publicly stated that it 
would be difficult for them to invest in de- 
vices that require a premarket approval path 
through the FDA (JJ). Although some com- 
panies, such as app developer Pear Thera- 
peutics, have pursued FDA approval, there is 
incentive for companies to market products 
for wellness to avoid FDA regulation. The 
regulatory burden for DTC neurotechnolo- 
gies has largely fallen to the Federal Trade 
Commission (FTC), which has authority to 
take action in cases of deceptive advertis- 
ing. Although the FTC has filed complaints 
against companies marketing brain-train- 
ing software, there are thousands of mental 
health apps on the market (72), as well as 
dozens of devices for cognitive enhance- 
ment, relaxation by entraining brain waves, 
improving motor function, and more. 

The challenges of regulating DTC neuro- 
technologies are in many ways similar to 
those facing dietary supplements. In both 
cases, the safety and efficacy of products 
have not been well established, there are no 
industry-wide standards, and the market 
is flooded with companies advertising and 
selling products directly to consumers with 
dubious health claims. In the United States, 
supplements are regulated by the FDA via 
the Dietary Supplement Health and Educa- 
tion Act (DSHEA) in a largely postmarket 
approach (13). Just as federal regulatory 
oversight from the FDA and FTC has been 
critiqued as being ill-suited to monitor the 
dietary supplement market (74), we suggest 
that similar concerns exist for DTC neuro- 
technologies: Given the sheer number of 
products, the dynamic nature of software 
applications that can change with each 
update, the flexibility required to oversee 
them, and the potential ethical issues in- 
volved, current regulatory oversight leaves 
much to be desired. 
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WHAT SHOULD WE DO? 

Looking to the realm of supplements for 
guidance can be instructive, even if it 
does not provide a clear pathway forward. 
DSHEA mandated the creation of the Na- 
tional Institutes of Health (NIH) Office of 
Dietary Supplements, which conducts sci- 
entific research on dietary supplements 
and translates knowledge for the public and 
policy-makers. In addition, independent or- 
ganizations provide evaluations and seals of 
approval for supplements (4). 

In the realm of DTC neurotechnology, the 
analogous needs are twofold: for additional 
research into the safety and effectiveness of 
products, as well as how they are used by 
consumers; and for evaluations that can be 
made available to the public. 

With regard to research, given that the 
DTC neurotechnology market is smaller 
than that of supplements and the con- 
comitant public health risks are lower, we 
do not suggest the creation of a dedicated 
NIH body at the present time. However, 
inasmuch as DTC neurotechnology can be 
viewed as a downstream product of NIH- 
supported neuroscience research, we rec- 
ommend that the NIH consider specifically 
funding research on DTC neurotechnolo- 
gies, potentially under the umbrella of neu- 
roethics research. 

As for evaluation, two approaches exist 
for mental health apps but none for the 
remaining DTC neurotechnologies. At one 
end of the spectrum, the nonprofit orga- 
nization Psyberguide provides consumer- 
oriented numerical ratings of individual 
mental health apps based on factors that 
include credibility, user experience, and 
transparency; at the other end of the spec- 
trum, the American Psychiatric Association 
developed a framework that gives psychia- 
trists (but not consumers) tools to evaluate 
the safety, efficacy, and veracity of mental 
health apps. 

We propose an approach that strikes a 
balance between the two: an independent 
working group that would survey the main 
domains of DTC neurotechnology and pro- 
vide succinct appraisals of potential harms 
and probable efficacy. Rather than evalu- 
ating each and every product, which is 
resource-intensive, or providing overarch- 
ing framing questions, the working group’s 
appraisals would outline the evidence base 
and potential risks and identify gaps in 
current knowledge. Recent articles on the 
home use of brain stimulation (75) and con- 
sumer EEG devices (7) provide guidance 
and critiques without evaluating individ- 
ual devices or claims and could serve as a 
model for the working group’s appraisals. 

The working group would be tasked with 
broadly circulating its appraisals to the 
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public. Dissemination strategies would in- 
volve identifying and partnering with orga- 
nizations such as the American Association 
of Retired Persons that are well positioned 
to communicate with key consumer groups, 
as well as sharing information with media 
outlets. The working group would serve 
as a clearinghouse for regulatory agencies 
such as the FDA and FTC, third-party orga- 
nizations that monitor advertising claims, 
industry, social and medical scientists, 
funding agencies, and the public at large. 
We envision the working group, which 
would be housed independently or within a 
reputable third-party organization, as draw- 
ing on the expertise of scientists, health 
professionals, consumer groups, industry 
representatives, ethicists, regulators, and 
funders. The working group would survey 
the current landscape, incorporating new do- 
mains of DTC neurotechnology and revising 
its appraisals. The group’s mandate would in- 
clude anticipating future developments, with 
an eye toward possible ethical concerns. 
Given that government agencies and 
private enterprises are actively funding 
research into new methods of modulating 
brain function, the present generation of 
DTC neurotechnologies may be only the 
tip of the iceberg—making it all the more 
imperative to create an independent body 
to monitor developments in this domain. 
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ENVIRONMENTAL STUDIES 


The revealing history of a 
revered waterway 


Human and environmental stories interweave in 
a meandering meditation on the Ganges River 


By Anne Rademacher 


nvoking the Ganges prompts two very 

different visions. One imagines a sa- 

cred destination for countless devout 

pilgrims and the site of rituals repeated 

for thousands of years. Another sees 

a heavily polluted repository for the 
sewage and industrial wastes 
of dozens of Indian cities and 
yet water source for half a bil- 
lion people. In this dual vision, 
the Ganges seems to embody 
the disjuncture of our time: It is 
both a dying piece of the planet 
and an enduring natural symbol 
of life and absolution. 


we gain a clearer perspective on the river’s 
present and potential futures. 

Sen begins this history with the ancient 
and enduring human practice of pilgrim- 
age. Recounting his own journey from Gan- 
gotri, where the Ganges begins its descent, 
to the river’s source at Gaumukh glacier, he 
asks how it is that this single river came to 
be imbued with sacred impor- 
tance—nothing short, he writes, 
of a “metaphysical threshold.” 

He begins to explore this ques- 
tion through the long and dy- 
namic history of myths, which 
narrate the river’s powerful cen- 
trality in both spiritual cosmol- 
ogy and the political imagination. 


Sudipta Sen’s Ganges: The Ganges Although the details of the many 
Many Pasts of an Indian River Wee myths Sen recounts changed over 
invites its reader across the 2019. 459 pp. ’ centuries, their core associations 


space and time of this iconic riv- 

erscape. Through a sweeping yet carefully 
textured history, the layers of the Ganges’s 
past assume a life that is both consequen- 
tial and contemporary. We come to un- 
derstand the Ganges as an expansive and 
dynamic social and natural system, and 
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with a feminine form of divinity 
reproduced the river as both a sacred center 
and a symbolic locus of political legitimacy. 
Ganges is neither social nor environmental 
history; it is inseparably both. Sen challenges 
us to notice the myriad ways that social and 
environmental transformation on this river- 
scape produced one another, often without a 
clearly linear story of cause and effect. Rather 
than composing an explanatory history, then, 
he emphasizes how social and environmen- 
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Offerings are prepared on the banks of the Ganges 
River in Varanasi, Uttar Pradesh, India. 


tal change melded together as ongoing pro- 
cesses. The approach, like the Ganges’s very 
name, favors dynamism over stasis; Sen 
notes that the Sanskrit root of Ganges, gam 
(“to go”), invites us to study the river through 
prisms of motion, flow, direction, and force. 

From pilgrimage and myth, the book moves 
through the heavily contested archaeological 
quest to find and discern the river’s material 
past. That quest guides the reader along the 
vast tendrils of settled agriculture, reaching 
back nearly 15,000 years. We are led to reen- 
vision the many lakes, marshes, forests, and 
grasslands that preceded the Ganges’s pres- 
ent agrarian mosaic, in part through descrip- 
tions from the Matsya Purana, a collection of 
texts that date between the 8th and 13th cen- 
turies. These accounts bring lush past land- 
scapes, which today are all but lost, back to 
conceptual life so that habitat transformation 
made less discernable in spans of centuries 
now leaves a more vivid trace. 

Sen narrates the dramatic reworking of 
the plant and animal world in part by trac- 
ing equally dramatic social transformation. 
With settled agriculture came land owner- 
ship and taxation patterns, crop distribution 
mosaics, and consequent trade patterns that 
remade the riverscape and its social compo- 
sition. The Ganges and the kingdoms and 
cities that rose around it organized spiritual 
and political identity, legitimizing successive 
imperial projects whose armies, merchants, 
artisans, and new religious practices carved 
and recarved territorial claims. 

Late in the book, Sen arrives at the pe- 
riod of European empire building, the time 
at which more conventional histories of the 
present-day Ganges begin. With the benefit 
of a fuller historical arc, we understand more 
clearly how and why the Ganges was central 
to the Victorian imperial imagination and 
why the lower Ganges plains and the Ben- 
gal delta formed the heart of the East India 
Company’s imperial territories in India. It 
also underscores why countless postcolonial 
leaders have repeatedly invoked its place, as 
Sen recounts using Nehru’s words, as “a sym- 
bol and a memory of the past of India.” 

Ganges is a study of a river as many si- 
multaneous places, temporalities, and expe- 
riences. It offers a way of thinking about a 
river not only as it flows over a landscape 
but as it assembles and connects aesthetics, 
territories, habitats, and human beings. In 
this sense, the book is an invitation to think 
about all environmental history not only as 
a story of a changing natural world but also 
as a story about ourselves. & 
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NUCLEAR POLICY 


Nuclear power and promise 


Deference to industry trumps safety in the U.S., warns a controversial former regulator 


By Jacob Darwin Hamblin 


ess than a year after the Fukushima 
nuclear accident in Japan, physicist 
Gregory B. Jaczko tried to break the 
“first commandment” of nuclear regu- 
lation: Thou shalt not deny a license to 
operate a reactor. As chairman of the 
U.S. Nuclear Regulatory Commission (NRC), 
he knew that the tradition was to encourage 
doomed applications to be withdrawn. But 
when one company refused, Jacz- 
ko dug in his heels and opposed 
the license. It turned out to be a 
futile gesture that the other com- 
missioners opposed. But it was 
one of many examples, he con- 
tends, of the weaknesses in the na- 
tion’s top nuclear regulatory body 
and an exemplar of its obeisance 
to the nuclear power industry. 
Confessions of a Rogue Nuclear 
Regulator is one part engrossing 
memoir and another part seeth- 
ing diatribe, depicting a govern- 
ment agency that routinely caves 
to industry pressure. The book cannot help 
but also feel like a rationalization of Jacz- 
ko’s own actions during his conflict-ridden 
tenure as chairman, a position offered to 
him in 2009 by President Barack Obama. 
Jaczko first came to the commission in 
2005, after working for Nevada senator Harry 
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Reid fighting the project to store the nation’s 
high-level radioactive waste at Yucca Moun- 
tain. He had a notoriously abrasive personal- 
ity, and that did not change while at the NRC. 

Yucca Mountain set the tone for Jaczko’s 
tenure, and his autocratic leadership style 
alienated Republicans and Democrats alike. 
When he terminated a licensing review for 
the storage project, the other commissioners 
interpreted it as an illegal abuse of authority. 
The ensuing political fracas convinced Jacz- 
ko that the nuclear industry used 
the NRC as a tool for promoting 
rather than regulating nuclear 
power. He believes that a national 
repository for radioactive waste 
puts too much responsibility on 
the taxpayer. “No other industry 
is able to complain so loudly that 
someone else has failed to take 
care of its waste,’ he laments. 

The answer is to stop produc- 
ing nuclear waste, argues Jaczko, 
and indeed stop producing nu- 
clear power at all. He wishes that 
as chairman, he’d “had the cour- 
age to say this, but my courage had its limits.” 

Most of Jaczko’s short book hammers on 
the theme that industry lobbyists hold sway 
over the would-be regulators. He highlights 
the longstanding concept of “enforcement 
discretion” and skewers it as one of nuclear 
regulation’s “greatest oxymorons.” 

Rather than demand safety compliance, 
the NRC historically has allowed nuclear 
plants to develop alternative approaches 
and has granted exceptions and exemp- 
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Chairman, Nuciear Regulatory 
Commission 


Gregory Jaczko prepares to testify at a Senate hearing on nuclear reactor safety on 15 December 2011. 
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tions. Recounting an episode in which he 
tried to abolish enforcement discretion in 
fire safety, Jaczko writes: “What happened 
over the next several weeks was more brutal 
than Roman imperial succession.” 

The political infighting was particularly 
intense after the 2011 Fukushima disaster. 
Jaczko visited Japan and grew impatient 
with the “litany of guarantees” from industry 
about American nuclear facilities. He tried to 
insist on new requirements to mitigate acci- 
dents triggered by natural disasters such as 
floods, earthquakes, and tsunamis. One in- 
ternal NRC report drafted after Fukushima 
criticized the practice of relying on voluntary 
industry initiative to address safety concerns. 
Jaczko’s descriptions of other commission- 
ers’ attempts to quash or edit the report pro- 
vide a disturbing glimpse of the dynamic of 
trust and betrayal within the agency. 

Confessions comes across as a story of one 
man and his loyal staff against a whole indus- 
try and its political toadies. Jaczko portrays 
himself as a naive scientist, pushing hard for 
progressive reforms amid a corrupt bureau- 
cracy. His critics might not be persuaded. 

Toward the end of his tenure, Jaczko’s 
fellow commissioners lodged a formal com- 
plaint against him, including accusations of 
mistreatment of women in the workplace. 
He survived the coup (his term) but ulti- 
mately resigned in 2012 at the request of his 
old mentor Harry Reid, who wanted to use 
his position as a political bargaining chip. 

Although Jaczko’s account will become 
standard reading as an antinuclear book, his 
reasons have more to do with regulation than 
nuclear energy per se. Jaczko sees two paths 
ahead. One has a sustainable future with 
nuclear reactors that includes widespread 
recognition that accidents will happen and a 
greater commitment to safety. The other path 
is the one he witnessed as NRC chairman, 
featuring waning public trust in a secretive, 
uncooperative industry that regards safety 
regulations as unfair and cumbersome. 

The problem that plagued the old Atomic 
Energy Commission—that the promoters and 
regulators were too cozy with each other—is 
clearly alive and well. Jaczko describes the re- 
lationship as a “corrupt, toxic environment.” 
It may be a hard warning to hear, but it comes 
from one who had a fuller view of the nuclear 
regulatory landscape than most. 
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The value of small 
mangrove patches 


Mangroves provide crucial services to 
humanity, including food, coastal pro- 
tection, fisheries support, and carbon 
sequestration (1). However, up to 35% of 
mangrove area has been lost since the 
1980s, primarily due to coastal develop- 
ment (2). Mangroves are protected under 
a plethora of international agreements, 
and they are key to meeting commitments 
of the Paris Climate Agreement and miti- 
gating the impacts of a changing climate 
on coastal communities (3). Despite 
warnings about the ramifications of losing 
mangroves (4), conversion and degrada- 
tion still occur (5), especially for smaller 
mangrove patches. 

The global disdain for small mangrove 
patches is exemplified by the 2017 decision 
by the Maldivian government to construct 
a new local airport on the regionally 
significant mangrove patch (12 ha) on 
Kulhudhuffushi island (6). This decision 
was made despite the socioeconomic 
importance of the mangrove to the local 
community, the viable alternative solutions 
that were identified (6), the island’s high 
risk for cyclones and tsunamis (6), and the 
substantial funding the Maldives received 
for climate change mitigation and adapta- 
tion [e.g., (7)]. Despite assurances that only 
30% of the mangrove would be directly 
affected by this project, nearly 70% may 
have already been destroyed (8). 
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The loss of relatively small patches 
of mangrove may seem less concerning 
than large-scale deforestation. However, 
these patches are especially important 
to low-lying island nations vulnerable to 
climate change and sea-level rise (1). Their 
interconnectedness with adjacent habitats, 
such as coral reefs, allows them to provide 
substantial ecosystem services relative to 
their size (9). The continued loss of man- 
grove patches further fragments mangrove 
habitat, which creates barriers to species 
movement and dispersal (10). The loss also 
drastically erodes local coastal resilience 
and pushes key mangrove ecosystems 
toward collapse. 

Given the recent Intergovernmental 
Panel on Climate Change’s projections (11), 
we simply cannot afford to lose more man- 
grove forests, irrespective of their size. We 
call on governments to move away from 
policy decisions that prioritize large areas 
and short-term local political gains and 
instead adopt a more holistic long-term 
vision (12), whereby the value of smaller 
mangrove patches is better appreciated 
and safeguarded. 
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Since 2016, when this photo was taken, 
much of Kulhudhuffushi island’s small 
mangrove patch has been destroyed. 
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Brazil’s endangered 
postgraduate system 


Over the past decade, Brazilian scientists 
have faced a dramatic reduction in finan- 
cial support (J-3). In 2017, the Ministry 

of Science and Technology had a budget 
of only 2.8 billion reais, the equivalent of 
US$700 million (4), the lowest in the past 
14 years (5). Dwindling funding affects 

a crucial population in Brazil’s scientific 
system: students working toward master’s 
and Ph.D. degrees. 

Brazil’s postgraduate system plays a piv- 
otal role in scientific output. A major portion 
of scientific research takes place in publicly 
funded universities, and most scientific 
publications are driven by postgraduate pro- 
grams (6, 7). Brazil’s 6303 master’s and Ph.D. 
programs (8) are primarily funded by the 
Coordination for the Improvement of Higher 
Education Personnel (CAPES), a governmen- 
tal agency within the Ministry of Education 
(9). The CAPES budget has plunged from the 
equivalent of US$1.9 billion in 2015 to the 
equivalent of US$1 billion in 2018 (0). The 
budget for 2019 projects an additional cut of 
nearly 40% (11). The funding cuts will likely 
translate into a substantial drop in federal 
grants, postdoctoral fellowships, support for 
international collaborations, and student 
scholarships. As student support falls, scien- 
tific output will likely decrease as well. 

Brazil’s scientific enterprise cannot func- 
tion without qualified human resources, 
who will in turn strengthen social and 
economic development. Despite the polar- 
ized political atmosphere, Brazil must 
implement a strategic plan to improve the 
quality of science and innovation by invest- 
ing in the postgraduate system. 
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Airborne in the era of 
climate change 


The Intergovernmental Panel on Climate 
Change (IPCC) recently released its special 
report on limiting global warming to 
1.5°C (1). The IPCC’s 2050 target of carbon 
neutrality is strongly challenged by sec- 
tors with unavoidable emissions, such as 
aviation. Forecasts of the sector’s growth 
predict that by 2050 it could have con- 
sumed up to one-quarter of the total global 
carbon budget for 1.5°C (2). The absence 
of substantial technical gains in aircraft 
emissions implies that reduction of avia- 
tion impact will be unfeasible without a 
decrease in demand (3). Air travel contrib- 
utes substantially to the carbon footprint 
of academic communities (4), despite calls 
to travel less (5). In the current academic 
system, avoiding flying means accepting 
trade-offs, such as greater challenges to 
collaboration and networking. However, 
the cost of inaction and business as usual 
is the growing global threat of climate 
change, and scientists, given the alarms 


Air travel accounts for much of the science 
community’s carbon footprint. 
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they regularly raise, should model respon- 
sible behavior to the planet. To encourage 
low-impact mobility, scientific institutions 
should adopt an avoid-mitigate-compensate 
approach similar to that developed in eco- 
system conservation (6). 

To avoid unnecessary journeys, institu- 
tions, department heads, and principal 
investigators should encourage scientists 
to consider or provide alternatives, such 
as teleconferencing and virtual scientific 
conferences. To mitigate emissions result- 
ing from travel, scientists who must travel 
should replace flights with cleaner modes 
of travel as much as possible. Participants 
should prioritize local meetings, and orga- 
nizers should reduce distances traveled by 
choosing central locations. To compensate 
for travel, scientists should financially 
contribute to credible and traceable 
projects for reducing and removing carbon 
emissions. This should be the last resort, 
given the questionable effectiveness of 
carbon offsetting (7). 

There is increasing discussion about 
the best way to evaluate scientists, teams, 
and research projects (8), and including a 
carbon sobriety criterion could be a good 
way to reduce scientists’ carbon footprint. 
Individual involvement is crucial, but sup- 
portive institutional environments [e.g., 
(9)] are also required to incentivize carbon- 
neutral behavior at the scale and speed 
required. Institutions invariably have policies 
for preventing and reducing harm, which 
address problems such as physical safety and 
data security. Surely the protection of plan- 
etary health, through the dramatic carbon 
cuts that are now urgently required, has a 
place in institutional policy, too. 

Kévin Jean’* and Chris Wymant*® 
1Laboratoire MESuRS, Conservatoire National des 
Arts et Métiers, Paris, France. ?Unité PACRI, Institut 
Pasteur, Conservatoire National des Arts et Métiers, 
Paris, France. Big Data Institute, Li Ka Shing Centre 
for Health Information and Discovery, Nuffield 
Department of Medicine, University of Oxford, 


Oxford, UK. 
*Corresponding author. Email: kevin.jean@lecnam.net 


REFERENCES 


1. “Global warming of 1.5°C,” V. Masson-Delmotte et al., Eds. 
(2018); www.ipcc.ch/sr15/. 
2. “Analysis: Aviation could consume a quarter of 1.5C carbon 
budget by 2050," Carbon Brief (2016); www.carbonbrief. 
org/aviation-consume-quarter-carbon-budget. 
A. Macintosh, L. Wallace, Energ. Pol. 37,264 (2009). 
A.Stohl, Atmos. Chem. Phys. 8, 6499 (2008). 
X.Anglaret, Lancet Planet Health 2, e382 (2018). 
“An integrated framework and guidelines for avoiding, miti- 
gating, and compensating for wetland losses: Resolution 
X1.9" (Ramsar Convention, 2012); www.ramsar.org/sites/ 
default/files/documents/library/cop11- 
resO09-e.pdf. 
7. K.Hyams, T. Fawcett, Wiley Interdisc. Rev.: Clim. Change 4, 
91 (2013). 
D.Moher et al., PLOS Biol. 16, e2004089 (2018). 
. Tyndall Centre, “Tyndall Travel Strategy—Towards a culture 
of lowcarbon research for the 21st Century” (2014); 
https://tyndall.ac.uk/travel-strategy. 


Aarw 


60 90 


10.1126/science.aaw1145 


sciencemag.org SCIENCE 


PHOTO: ISTOCK.COM/GUVENDEMIR 


610g ‘2 Avenuer uo /fio beweoualds e0ua!0s//:d}jy wos pepeojumMoqg 


Presenting a ample 
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BIODIVERSITY 


Ancestral history matters 


iodiversity is sometimes quantified 
purely by the number of species within 
a system that allow it to function to 
produce ecosystem services. Grab et 
al. show that simple species counting 
is too simplistic. They combined remotely 
sensed land-cover analyses and crop pro- 
duction records with an extensive 10-year 
pollinator community survey and a com- 
plete species-level phylogeny generated 
using genome-wide phylogenomic methods. 
They found that the equivalent of millions 
of years of pollinator evolution were lost in 
highly altered agricultural environments, 
which decreased pollination services above 
and beyond what would be expected from 
a simple numerical species count. —SNV 


Science, this issue p. 282 


Mining bee (Andrena nasonii) 
on an apple (Malus pumila) flower 


IMPACT CRATERS 
Impact rates on Earth 
and the Moon 


The rate at which impacts 
produce craters on the Moon is 
used to calibrate ages in plan- 
etary science. Earth should also 
have received similar numbers 
of impacts, but many craters 
have been hidden by erosion, 
ice sheets, and so on. Mazrouei 
et al. used infrared images of 
the Moon to estimate the ages 
of young lunar craters (see 

the Perspective by Koeberl). 
They found that the impact 

rate increased within the past 
~500 million years, a conclusion 
strengthened by an analysis of 
known impact craters on Earth. 
Crater size distributions are the 
same on Earth and the Moon 
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over this period, implying that 
terrestrial erosion affects all 
craters equally, regardless of 
their size. —KTS 
Science, this issue p. 253; 
see also p. 224 


PHOTOSYNTHESIS 


Plugging into the pump 
Photosynthetic organisms use 
light to fix carbon dioxide in 

a process that requires both 
chemical reducing equivalents 
and adenosine triphosphate 
(ATP). Balancing the ratio of 
these inputs is accomplished 
by a short circuit in electron 
flow through photosynthetic 
complex I, a proton pump that 
contributes to ATP produc- 
tion but does not increase net 
reducing equivalents in the cell. 


Kjer et al., p. 249 
en Sei —e Omen, 
— 


Schuller et al. solved a cryo— 
electron microscopy structure 
of photosynthetic complex | 
(see the Perspective by Brandt) 
and went on to reconstitute 
electron transfer using the elec- 
tron carrier protein ferredoxin. 
—MAF 

Science, this issue p. 257; 

see also p. 230 


SOLAR CELLS 
Aredox road to recovery 


Device longevity is a key issue 
for organic-inorganic perovskite 
solar cells. Encapsulation can 
limit degradation arising from 
reactions with oxygen and water, 
but light, electric-field, and 
thermal stresses can lead to 
metastable elemental lead and 
halide atom defects. Wang et 
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al. show that for the lead-iodine 
system, the introduction of the 
rare earth europium ion pair 
Eus*-Eu** can shuttle electrons 
and recover lead and iodine ions 
(Pb** and I>). Devices incorporat- 
ing this redox shuttle maintained 
more than 90% of their initial 
power conversion efficiencies 
under various aging conditions. 
—PDS 


Science, this issue p. 265 


NEUROSCIENCE 
The emotional 
dimension of pain 


The unpleasantness of pain is an 
emotional phenomenon distinct 
from pain's sensory qualities. To 
study how the brain processes 
pain-related emotions, Corder 
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et al. used in vivo neural calcium 
imaging in freely behaving mice. 
They identified brain circuits 
that respond to pain and directly 
tested their causal role in moti- 
vational behaviors associated 
with acute and chronic pain. 
—PRS 


Science, this issue p. 276 


Assembly of the ciliary 
microtubule doublet 


The cilium is a conserved 
organelle that is crucial for 
motility as well as for sensing 
the extracellular environment. 
Its core structure is charac- 
terized by nine microtubule 
doublets (MTDs). The mecha- 
nisms of MTD assembly are 
unclear. Schmidt-Cernohorska 
et al. developed an assay to 
reconstitute MTD assembly in 
vitro. Tubulin carboxyl-terminal 
tails played a critical inhibi- 
tory role in MTD formation. 
Molecular dynamics revealed 
that carboxyl-terminal tails of 
the All microtubule protofila- 
ment regulated MTD initiation. 
Furthermore, live-cell imaging 
showed an unexpected bidirec- 
tional isotropic elongation of the 
MTD. —SMH 


Science, this issue p. 285 


Serotherapy treats a 


transplant hurdle 


Cytomegalovirus (CMV) 
infection and reactivation are 
common and potentially fatal 
complications after bone mar- 
row or hematopoietic stem cell 
transplantation (BMT). Martins 
et al. developed faithful pre- 
clinical murine models of CMV 
reactivation following BMT and 
found that humoral immunity 
can prevent this process (see 
the Perspective by Alegre). After 
BMT, antiviral antibodies that 
would have kept CMV at bay 
dwindle because host plasma 
cells are ablated and the donor 
B cell pool reconstitutes poorly. 
CMV reactivation was prevented 
by transferring antibody- 
containing immune serum. 


Such a therapeutic strategy 
would avoid some limitations 
of cellular therapies for BMT 
patients. —STS 
Science, this issue p. 288; 
see also p. 232 


When cell adhesion 
promotes fibrosis 


Inflammatory macrophages 
produce the cytokine trans- 
forming growth factor—B 
(TGF-B), which induces the 
activation of fibroblasts into 
myofibroblasts that secrete 
extracellular matrix and 
promote fibrosis. Lodyga et 
al. found that the adhesion 
protein cadherin-11 (CDH11) 
was enriched at contact points 
between macrophages and 
myofibroblasts in fibrotic lung 
tissues from mice and human 
patients. CDH11-mediated 
adhesion between macro- 
phages and lung fibroblasts 
triggered the activation of fibro- 
blasts into myofibroblasts and 
targeted macrophage-produced 
TGF-B to myofibroblasts, creat- 
ing a self-sustaining profibrotic 
niche. —AV 

Sci. Signal. 12,eaao3469 (2019). 


Neoantigen reactivity 
Increased frequencies of intra- 
tumoral CD4* regulatory T cells 
(Tyegs) have typically been asso- 
ciated with more-rapid tumor 
progression, but the antigen 
specificity of these T,.,. within 
tumors is not well understood. 
Ahmadzadeh et al. character- 
ized the T cell receptor (TCR) 
repertoire of intratumoral T,,... 
from patients with metastatic 
melanoma, gastrointestinal, 
and ovarian cancers. These 
Thegs Mad a unique TCR rep- 
ertoire different from other 
intratumoral CD4* T cells, and 
dominant TCRs were specific 
to tumors and neoantigens. 
Similar cells were also found in 
the periphery, indicating that 
these T,,,, may be expanding 
from both compartments. 
—CNF 

Sci. lmmunol. 4,eaa04310 (2019). 
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Alanthanide secret 
handshake 


Most metal ions in biology 
have distinct properties 
determined by atomic 
number and oxidation state. 
However, some metals 

in the lower rows of the 
periodic table are notorious 
for mimicking their lighter 
cousins: Trivalent yttrium 
and lanthanides, for example, 
can replace divalent calcium 
ions in some proteins. Cook 
et al. determined the solu- 
tion structure of a protein 
that has evolved exquisite 
selectivity for these heavier 
ions over the lighter calcium. 
Despite superficial similar- 
ity to the calcium-binding 
protein calmodulin, there 
are large differences in the 
overall protein structure, 
and an additional carboxylic 
acid ligand is likely crucial 
for recognition of the heavier 
ions. —MAF 


Biochemistry 10.1021/acs. 
biochem.8b01019 (2018). 


Published by AAAS 


Edited by Caroline Ash 
and Jesse Smith 


Understanding 
preeclampsia 


Preeclampsia is character- 
ized by the development of 
hypertension and kidney 
dysfunction during late stages 
of pregnancy, and it is an 
important cause of maternal 
and fetal mortality. Quitterer 
et al. found that increased 
complex formation between 
the G protein-coupled recep- 
tors angiotensin Il ATl and 
bradykinin B2 in vascular 
smooth muscle cells triggered 
preeclampsia in pregnant mice. 
Evidence for the hyperactivity 
of this heterodimer was also 
found in vascular structures in 
samples of placenta from preg- 
nancies that had preeclampsia. 
Using a small-molecule 
inhibitor to target AT1-B2 
receptor signaling prevented 
preeclampsia in mice. Initial 
data in patients with symptoms 
of preeclampsia indicate that 
this is an avenue for treatment 
options. —GKA 

Cell 176, 318 (2019). 


sciencemag.org SCIENCE 
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GRAPHIC: H. ABACI ET AL., NAT. COMMUN. (2018) 


Dynamics of repulsive 
Fermi gases 


Pump-probe techniques, 

in which a short light pulse 
knocks the system out of 
equilibrium and another pulse 
is then used to monitor the 
dynamics, are commonplace 
in solid-state physics. Amico 
et al. used such a technique 
in a fermionic atomic gas to 
study what happens when the 
gas is plunged into a regime 
where the atoms strongly 
repel one another. The nature 
of this regime in an even 
mixture of two spin states has 
been debated—a ferromag- 
netic state was expected, 

but instead the atoms hada 
tendency to form pairs. Here, 
the researchers disentangled 
the two pathways and found 
that correlations consistent 
with ferromagnetism initially 
increased faster than the 
pairs formed, but neither 
clearly dominated over the 
other. —JS 


Phys. Rev. Lett. 121, 253602 (2018). 


SCIENCE sciencemag.org 


BIOGEOGRAPHY 


Pathogens at the limits 


he factors controlling the geographical distribution of organisms are receiving 
increasing attention in the context of climate change. Bruns et al. analyze the effects 
of a different, little-studied factor—the role of disease in limiting the range of species. 
In alpine plants in northwest Italy, they found that a pollinator-transmitted fungus that 
causes Sterilizing anther-smut infections in meadow. flowers occurred throughout 


the plant’s range. Reduced population densities of these plants at their range limits does not 
affect the distribution of the insect-borne pathogen. Indeed, disease incidence was often 
higher at the range limit, perhaps curtailing the plant's distribution. These findings suggest 
that the role of pathogens should receive more attention in biogeographical analysis. —AMS 


J.Ecol. 107, 1 2019). 


Precision CRISPR editing 
The most popular gene-editing 
tool, CRISPR-Cas9, generates 
breaks in the genome that are 
subsequently repaired by a mix of 
cellular pathways. Yet, the repair 
outcomes are not random. Using 
machine-learning algorithms to 
analyze large amounts of Cas9- 
mediated, genome-wide editing 
events in a range of cells, Shen et 
al., Allen et al., and Chakrabarti et 
al. uncovered sequence dceter- 
minants of repair outcomes and 
devised rules to predict editing 
products. These findings provide 
insights into the repair process 
and instruct the design of guide 
RNAs to achieve more precise 
editing. —SYM 
Nature 563, 646 (2018). 
Nat. Biotechnol. 37,64 (2019). 
Mol. Cel! 10.1016/j.molcel.2018. 
11.031 (2018). 


Targeting CH, sites 
Most organic compounds contain 
numerous carbon-hydrogen 


Sexually transmitted disease limits the distribution of 
European alpine meadow flower populations. 


(C—H) bonds. The weakest among 
them are easy to transform selec- 
tively, but the stronger ones tend 
to be hard to discriminate. Zhao 
et al. report a manganese catalyst 
that can selectively oxidize 
CH, centers in the presence of 
aromatic C—H bonds. The catalyst 
activates hydrogen peroxide with 
the help of chloroacetic acid, 
and despite targeting strong 
C-H bonds, it tolerates halogen, 
oxygen, and nitrogen functional- 
ity. The protocol is demonstrated 
across a variety of pharmaceuti- 
cally relevant compounds. —JSY 
Nat. Chem. 10.1038/s41557-018- 
0175-8 (2018). 


Addressing 
a hairy problem 


Bioengineered skin grafts have 
helped many patients who have 
suffered considerable skin loss 
caused by disease or injury. 
However, these grafts often lack 
hair follicles, which are critical 
for thermoregulation, barrier 
function, and wound healing. 
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The generation and function of 
hair follicles also requires spatial 
arrangement of skin cells and 
extracellular matrix, which has 
been difficult to reproduce in vitro. 
To address this challenge, Abaci 
et al. used three-dimensional (3D) 
printing technology to generate 
hair follicle-like microwells in a 
three-dimensionally reconstructed 
dermis. This allowed them to 
arrange human cells critical for 
hair growth into a physiologically 
relevant configuration. Grafting of 
vascularized versions of these skin 
constructs onto mice resulted in 
the growth of human hair. —-PAK 
Nat. Commun. 9, 5301 (2018). 


3D-printed template used to create 
hair follicles in reconstructed dermis 
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ORGANIC CHEMISTRY 
Synthetic innovation in 
drug development 


Chemical synthesis plays a key 
role in pharmaceutical research 
and development. Campos et al. 
review some of the advantages 
that have come from recent 
innovations in synthetic meth- 
ods. In particular, they highlight 
small-molecule catalysts stimu- 
lated by visible light, enzymes 
engineered for versatility beyond 
their intrinsic function, and 
bio-orthogonal reactions to 
selectively modify proteins for 
conjugation. High-throughput 
techniques are also poised to 
accelerate methods optimiza- 
tion from small-scale discovery 
to large-scale production, and 
complementary machine-learn- 
ing approaches are just coming 
into focus. —JSY 

Science, this issue p. 244 


IMAGING TECHNIQUES 
Combining expansion and 
the lattice light sheet 


Optical and electron micros- 
copy have made tremendous 
inroads into understanding the 
complexity of the brain. Gao 

et al. introduce an approach 

for high-resolution tracing of 
neurons, their subassemblies, 
and their molecular constituents 
over large volumes. They applied 
their method, which combines 
expansion microscopy and 
lattice light-sheet microscopy, 
to the mouse cortical column 
and the entire Drosophila brain. 
The approach can be performed 
at speeds that should enable 
high-throughput comparative 
studies of neural development, 
circuit stereotypy, and structural 
correlations to neural activity or 
behavior. -SMH 


Science, this issue p. 245 
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GENE THERAPY 
CRISPRa corrects 
haploinsufficient obesity 


Loss-of-function mutation in one 
gene copy, termed haploinsuf- 
ficiency, can lead to insufficient 
protein levels and result in 
human disease. Matharu et al. 
tested whether a CRISPR-based 
activation system (CRISPRa) 
could rescue a haploinsufficient 
phenotype by increasing the 
gene expression levels of the 
existing normal copy (see the 
Perspective by Montefiori and 
Nobrega). By delivering this 
system into the mouse hypothal- 
amus using adeno-associated 
virus, they rescued the obesity 
phenotype caused by haploin- 
sufficiency of either of two genes 
known to promote obesity when 
mutated in mice and humans. 
These results highlight the trans- 
lational potential of the CRISPR 
activation system to treat haplo- 
insufficient disease. —BAP 
Science, this issue p. 246; 
see also p.231 


ASYMMETRIC CATALYSIS 
Predicting catalyst 
selectivity 


Asymmetric catalysis is widely 
used in chemical research and 
manufacturing to access just one 
of two possible mirror-image 
products. Nonetheless, the 
process of tuning catalyst 
structure to optimize selectivity 
is still largely empirical. Zahrt et 
al. present a framework for more 
efficient, predictive optimiza- 
tion. As a proof of principle, they 
focused on a known coupling 
reaction of imines and thiols cata- 
lyzed by chiral phosphoric acid 
compounds. By modeling mul- 
tiple conformations of more than 
800 prospective catalysts, and 
then training machine-learning 
algorithms on a subset of experi- 
mental results, they achieved 
highly accurate predictions of 
enantioselectivities. —JSY 
Science, this issue p. 247 
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NEUROSCIENCE 
The cerebellum and 
reward-driven behavior 


Damage to the cerebellum mani- 
fests itself in various forms of 
cognitive impairment and abnor- 
mal social behavior. However, the 
exact role the cerebellum plays 
in these conditions is far from 
clear. Working in mice, Carta et 
al. found direct projections from 
the deep cerebellar nuclei to the 
brain's reward center, a region 
called the ventral tegmental area 
(see the Perspective by D'Angelo). 
These direct projections allowed 
the cerebellum to play a role 
in showing a social preference. 
Intriguingly, this pathway was not 
prosocial on its own. Cerebellar 
inputs into the ventral tegmental 
area were more active during 
social exploration. Depolarization 
of ventral tegmental area neurons 
thus represents a similar reward 
stimulus as social interaction for 
mice. —PRS 

Science, this issue p. 248; 

see also p.229 


INORGANIC CHEMISTRY 
Orange-glowing iron at 
room temperature 


Many photoactive coordination 
compounds contain precious 
metals. Replacing ruthenium 
with more-earth-abundant iron 
has been a long-sought goal, but 
iron compounds generally relax 
too rapidly after light absorption 
to channel the energy produc- 
tively. Kjeer et al. prepared an 
iron compound with an excited 
state stable enough to emit light 
for nanoseconds, or that could 
engage in bimolecular electron 
transfer (see the Perspective by 
Young and Oldacre). Targeting 
a ligand-to-metal rather than 
metal-to-ligand charge-transfer 
state was key to the achievement, 
as was the octahedral coordina- 
tion environment rigidly enforced 
by two tridentate carbene 
ligands. —JSY 

Science, this issue p. 249; 

see also p.225 


Published by AAAS 


ORGANIC CHEMISTRY 
Journey to jorumycin 


Jorumycin is a structurally 
complex, pentacyclic organic 
compound produced by a 
marine mollusk. The success of 
a similar compound, trabect- 
edin, in treating certain types of 
cancer has focused attention on 
exploring jorumycin's pharma- 
ceutical properties. Welin et al. 
developed a succinct route to 
synthesizing jorumycin and the 
closely related jorunnamycin A 
that deliberately diverges from 
the putative biosynthetic path- 
way underlying prior chemical 
syntheses. This route, which 
hinges on a carefully optimized 
asymmetric catalytic hydrogena- 
tion, can be easily modified to 
introduce unnatural structural 
diversity for functional optimiza- 
tion in further drug discovery 
research. —JSY 

Science, this issue p. 270 


CHEMICAL PHYSICS 
Brief get-togethers 
between NaK and K 


Cooling molecules to nanokel- 
vin temperatures places them 
under the tightest quantum 
mechanical constraints. Studies 
in this intriguing regime have 
been limited to diatomics: 
Two cold atoms can be lured 
together into weakly associated 
Feshbach resonances, which 
lasers can then shift into a more 
stable molecular state. Yang 
et al. now report the observa- 
tion of triatomic Feshbach 
resonances in ultracold colli- 
sions between potassium (K) 
atoms and sodium potassium 
(Nak) diatomics. The findings 
potentially set the stage for the 
preparation and study of ultra- 
cold triatomic molecules. —JSY 
Science, this issue p. 261 


sciencemag.org SCIENCE 


CELL DIFFERENTIATION 
Reversing chromatin 
dynamics for development 


Compacted chromatin regions, 
marked by trimethylation of 
histone H3 at position lysine 9 
(H3K9me3), occur at highly 
repeated DNA sequences, help- 
ing to suppress recombination 
and gene expression. Because 
pluripotent cells contain low 
levels of H3K9me3 heterochro- 
matin relative to differentiated 
cells, it has been thought that 

an increase in such hetero- 
chromatin helps to define cell 
differentiation. Nicetto et a/. used 
two independent methods to 
examine compacted heterochro- 
matic domains and found that 
H3K9me3 compaction increased 
at protein-coding genes during 
early mouse organogenesis. 
During differentiation, these 
domains open up to allow 
cell-specific expression. Loss 

of heterochromatin by genetic 
inactivation of the H3K9me3 
methyltransferases caused 
ectopic expression of cell- 
inappropriate genes and tissue 
pathology. —BAP 


Science, this issue p. 294 


MICROBIOLOGY 
Dual roles of skin 


microbiota 


Like the gut, the skin is colo- 
nized by microbes that can 

be protective to help maintain 
homeostasis or be pathogenic. 
In a Perspective, Stacy and 
Belkaid discuss the dual roles of 
Staphylococcus epidermidis on 
skin. This microbe exemplifies 
how skin microbiota can pro- 
mote immune and antimicrobial 
responses against pathogens 
but, in certain contexts, aggra- 
vate pathologies such as eczema 
and possibly skin cancer. Skin is 
often termed the largest human 
organ, so it is important to 
understand how skin microbiota 
contribute to health. -GKA 


Science, this issue p. 227 


SCIENCE sciencemag.org 


METABOLISM 
An anti-ammonia 
probiotic 


Hyperammonemia, or excess 
blood ammoria, is a serious 
condition that can result in 
brain damage and death. Kurtz 
et al. modified the metabolism 
of a probiotic Escherichia coli 
strain to overproduce arginine, 
thereby sequestering some of 
the ammonia produced by gut 
bacteria into the amino acid mol- 
ecules. The engineered strain, 
called SYNB1020, lowered blood 
ammonia and increased survival 
in mouse hyperammonemia 
models and showed repeat- 
dose tolerability in nonhuman 
primates. A phase 1 dose-esca- 
lation study in healthy human 
volunteers resulted in no serious 
adverse events and indicated 
that the bacterium was meta- 
bolically active in vivo. —-CAC 

Sci. Transl. Med. 11, eaau7975 (2019). 


ECOLOGY 
Standardizing science for 
conservation 


Assessments of biodiversity and 
human impacts on the envi- 
ronment often rely on species 
distribution models that make 
data-supported predictions 
of species survival in chang- 
ing environments. However, no 
agreed-upon standards for eval- 
uating these models exist, and 
their application to conservation 
policy is inconsistent. Araujo et 
al. analyzed 400 model-based 
studies over the past 20 years 
to assess the adequacy of the 
models and their impacts on 
scientific interpretation and pro- 
jection. They make the case for 
the development of best-prac- 
tice standards and guidelines 
for the evaluation of data and 
models used. Such standard- 
ized practices should ensure 
more transparent and consistent 
translation of scientific results 
into policy. —PJB 

Sci. Adv. 10.1126/sciadv.aat4858 

(2019). 


Published by AAAS 
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REVIEW SUMMARY 


ORGANIC CHEMISTRY 


The importance of synthetic chemistry 
in the pharmaceutical industry 


Kevin R. Campos*, Paul J. Coleman*, Juan C. Alvarez, Spencer D. Dreher, 
Robert M. Garbaccio, Nicholas K. Terrett, Richard D. Tillyer, 


Matthew D. Truppo, Emma R. Parmee 


BACKGROUND: Over the past century, inno- 
vations in synthetic chemistry have greatly 
enabled the discovery and development of im- 
portant life-changing medicines, improving 
the health of patients worldwide. In recent 
years, many pharmaceutical companies have 
chosen to reduce their R&D investment in 
chemistry, viewing synthetic chemistry more 
as a mature technology and less as a driver of 
innovation in drug discovery. Contrary to this 
opinion, we believe that excellence and inno- 
vation in synthetic chemistry continue to be 
critical to success in all phases of drug discov- 
ery and development. Moreover, recent devel- 
opments in new synthetic methods, biocatalysis, 
chemoinformatics, and reaction miniaturiza- 
tion have the power to accelerate the pace and 
improve the quality of products in pharma- 
ceutical research. Indeed, the application of 
new synthetic methods is rapidly expanding 
the realm of accessible chemical matter for 
modulating a broader array of biological tar- 
gets, and there is a growing recognition that 
innovations in synthetic chemistry are chang- 
ing the practice of drug discovery. We identify 
some of the most enabling recent advances 
in synthetic chemistry as well as opportunities 


that we believe are poised to transform the 
practice of drug discovery and development in 
the coming years. 


ADVANCES: Over the past century, innova- 
tions in synthetic methods have changed the 
way scientists think about designing and 
building molecules, enabling access to more 
expansive chemical space and to molecules 
possessing the essential biological activity 
needed in future investigational drugs. In or- 
der for the pharmaceutical industry to con- 
tinue to produce breakthrough therapies that 
address global health needs, there remains a 
critical need for invention of synthetic trans- 
formations that can continue to drive new 
drug discovery. Toward this end, investment 
in research directed toward synthetic methods 
innovation, furthering the nexus of synthetic 
chemistry and biomolecules, and developing 
new technologies to accelerate methods dis- 
covery is essential. One powerful example of 
an emerging, transformative synthetic method 
is the recent discovery of photoredox catal- 
ysis, which allows one to harness the energy of 
visible light to accomplish synthetic trans- 
formations on drug-like molecules that were 


Evolution of synthesis as a driver of innovation in drug discovery 
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Evolution of synthesis as a driver of innovation in drug discovery. Past, present, and 
future advances in synthetic chemistry are poised to transform the practice of drug discovery 


and development. 


Campos et al., Science 363, 244 (2019) 


18 January 2019 


previously unachievable. Furthermore, recent 
breakthroughs in molecular biology, bioinfor- 
matics, and protein engineering are driving 
rapid identification of biocatalysts that possess 
desirable stability, unique activity, and exquis- 
ite selectivity needed to accelerate drug dis- 
covery. Recent developments in the merging 
fields of synthetic and biosynthetic chemis- 
try have sought to harness these molecules 
in three distinct ways: as biocatalysts for 

novel and selective trans- 
formations, as conjugates 
Read the full article  tarough innovative bio- 
at http://dx.doi. orthogonal chemistry, and 
org/10.1126/ in the development of im- 
science.aat0805 proved therapeutic mod- 
Lidtutanthe eccaaerteeeccantas nites The developiieht 
of high-throughput experimentation and 
analytical tools for chemistry has made it 
possible to execute more than 1500 simul- 
taneous experiments at microgram scale in 
1 day, enabling the rapid identification of suit- 
able reaction conditions to explore chemical 
space and accelerate drug discovery. Finally, 
advances in computational chemistry and 
machine learning in the past decade are de- 
livering real impact in areas such as new cat- 
alyst design, reaction prediction, and even new 
reaction discovery. 


OUTLOOK: These advances position synthetic 
chemistry to continue to have an impact on 
the discovery and development of the next 
generation of medicines. Key unsolved prob- 
lems in synthetic chemistry with potential 
implications for drug discovery include se- 
lective saturation and functionalization of 
heteroaromatics; concise synthesis of highly 
functionalized, constrained bicyclic amines; 
and C-H functionalization for the synthesis 
of o,o,a-trisubstituted amines. Other areas, 
such as site-selective modification of bio- 
molecules and synthesis of noncanonical nu- 
cleosides, are emerging as opportunities of 
high potential impact. The concept of mo- 
lecular editing, whereby one could selectively 
insert, delete, or exchange atoms in highly 
elaborated molecules, is an area of emerging 
interest. Continued investment in synthetic 
chemistry and chemical technologies through 
partnerships between the pharmaceutical in- 
dustry and leading academic groups holds 
great promise to advance the field closer to a 
state where exploration of chemical space is 
unconstrained by synthetic complexity and 
only limited by the imagination of the chem- 
ist, enabling the discovery of the optimal chem- 
ical matter to treat disease faster than ever 
before. 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: kevin_campos@merck.com 
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ORGANIC CHEMISTRY 


The importance of synthetic chemistry 
in the pharmaceutical industry 


Kevin R. Campos™, Paul J. Coleman™, Juan C. Alvarez’, Spencer D. Dreher’, 
Robert M. Garbaccio’, Nicholas K. Terrett’, Richard D. Tillyer’, 


Matthew D. Truppo”, Emma R. Parmee’ 


Innovations in synthetic chemistry have enabled the discovery of many breakthrough 
therapies that have improved human health over the past century. In the face of increasing 
challenges in the pharmaceutical sector, continued innovation in chemistry is required to 
drive the discovery of the next wave of medicines. Novel synthetic methods not only unlock 
access to previously unattainable chemical matter, but also inspire new concepts as to how 
we design and build chemical matter. We identify some of the most important recent 
advances in synthetic chemistry as well as opportunities at the interface with partner 
disciplines that are poised to transform the practice of drug discovery and development. 


ver the past century, innovations in syn- 

thetic chemistry have greatly enabled the 

discovery and development of important 

life-changing medicines, improving the 

health of patients worldwide. In recent 
years, many pharmaceutical companies have 
chosen to reduce their R&D investment in chem- 
istry, viewing synthetic chemistry more as a ma- 
ture technology and less as a driver of innovation 
in drug discovery (J-3). Contrary to this opinion, 
we believe that excellence and innovation in syn- 
thetic chemistry continues to be critical to success 
in all phases of drug discovery and development. 
Moreover, recent developments in new synthetic 
methods, biocatalysis, chemoinformatics, and re- 
action miniaturization have the power to accel- 
erate the pace and improve the quality of products 
in pharmaceutical research. The application of 
new synthetic methods is rapidly expanding the 
realm of accessible chemical matter for modulat- 
ing a broader array of biological targets, and there 
is a growing recognition that innovations in syn- 
thetic chemistry are changing the practice of drug 
discovery (4, 5). Here, we identify some of the 
most enabling recent advances in synthetic chem- 
istry as well as opportunities that we believe are 
poised to transform the practice of drug discov- 
ery and development in the coming years. 

The pharmaceutical sector is currently facing 
multiple challenges: an increasing focus on com- 
plex diseases with unknown causal biology, a 
rapidly changing and highly competitive land- 
scape, and substantial pricing pressures from 
patients and payers. In this challenging envi- 
ronment, drug discovery scientists must select 
biological targets of relevance to human disease 


1Global Chemistry, Merck & Co. Inc., Kenilworth, NJ 07033, 
USA. Janssen Research & Development LLC, Spring House, 
PA 19477, USA. 
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and find safe and effective therapeutic molecules 
that appropriately modulate those targets. The 
current toolbox of synthetic methods and com- 
mon chemical starting materials provides ac- 
cess to chemical space (6) that can be efficiently 
explored and mined to identify a suitable ligand 
and subsequently pursue studies of that prelim- 
inary lead compound toward its potential devel- 
opment as a successful drug. Brown and Bostroém 
have noted that a historical overreliance on just 
a few robust synthetic transformations (amide 
bond formation, sp-sp” C-C cross-coupling, and 
SyAr reactions) has biased the output of many 
drug discovery efforts, leading to narrow sampling 
of chemical space (7). In other cases, the lack of 
any reasonable method of synthesis has, at mini- 
mum, hampered thorough evaluation of chem- 
ical space or, at worst, prevented it completely. 

Conversely, the discovery of breakthrough syn- 
thetic methods can truly transform the process 
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of drug discovery. Innovation in synthetic chem- 
istry provides opportunity to gain more rapid 
access to biologically active, complex molecular 
structures in a cost-effective manner that can 
change the practice of medicine. An outstanding 
example of the transformative power of synthetic 
chemistry in drug discovery is the application of 
carbenoid N-H insertion chemistry to the syn- 
thesis of B-lactam antibiotics (8). In the 1950s, 
the synthesis of antibiotics such as penicillin 
represented a formidable challenge to medicinal 
chemists, and broad exploration of structure- 
activity relationships (SAR) within this class of 
compounds was hindered by a lack of good meth- 
ods of synthesis for these chemically sensitive 
structures. Indeed, the first chemical synthesis of 
penicillin took nearly a decade of dedicated ef- 
fort to achieve (9) despite an intensive effort across 
multiple laboratories. This lack of synthetic ac- 
cessibility prevented thorough evaluation of struc- 
turally related antibiotics that might have a 
broader spectrum of activity and an improved 
resistance profile. The application of intramo- 
lecular N-H carbenoid insertion chemistry (Fig. 1) 
to these structures provided a disruptive solution 
to the preparation of these fused f-lactams. This 
synthetic method was applied to the preparation 
of numerous natural and synthetic anti-infectives, 
including thienamycin (10), which subsequent- 
ly led to the discovery and industrial manufac- 
ture of the antibiotic imipenem. In this example, 
synthesis enabled design, opening access to pre- 
viously unattainable molecules of high therapeu- 
tic value. 

The development of targeted medicines for 
the treatment of chronic hepatitis C infection, a 
global health challenge (1), illustrates another 
key advance that innovative synthetic chemistry 
has contributed to drug discovery in recent years. 
The design and synthesis of hepatitis C virus 
(HCV) NS3/4a protease inhibitors represents a 
formidable challenge for medicinal chemists be- 
cause the active site of this protease has a shallow, 
open binding site, and the enzyme possesses both 
genotypic and mutational diversity. Early studies 
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of peptide-based inhibitors and subsequent 
molecular modeling suggested that construc- 
tion of large, macrocyclic enzyme inhibitors 
could provide favorable ligand-protein binding 
and potent inhibition of this essential viral pro- 
tease (12). The relatively flat and featureless 
protein surface requires a large ligand to gain 
sufficient binding affinity, while constrained 
macrocyclic ligands minimize the entropic cost 
of inhibitor binding. The application of ring- 
closing metathesis chemistry (13) has been trans- 
formative in the synthesis of many HCV NS3/4a 
protease inhibitors of varying ring sizes and com- 
plexity, including six approved drugs: simeprevir 
(14), paritaprevir (75), vaniprevir (16), grazoprevir 
(17), voxilaprevir (78), and glecaprevir (19). Ring- 
closing metathesis chemistry enabled the dis- 
covery of these and related macrocycles, allowing 
rapid assembly of complex bioactive molecules 
and broad exploration of SAR to address a range 
of properties. 

In the two examples described above, the dis- 
covery of new synthetic pathways changed the 
way scientists thought about designing and build- 
ing molecules, which broadened the accessible 
chemical space and thereby furnished molecules 
possessing the biological activity required in fu- 
ture drug candidates. The ability of the pharma- 
ceutical industry to discover molecules to treat 
unmet medical needs and deliver them to pa- 
tients efficiently in the face of an increasingly 
challenging regulatory landscape is dependent 
on continued invention of transformative, syn- 
thetic methodologies. Toward this end, investment 
in research directed toward synthetic methods 
innovation, furthering the nexus of synthetic 
chemistry and biomolecules, and developing new 
technologies to accelerate methods discovery is 
absolutely essential. Pertinent examples in these 
three areas are reviewed below. 


Synthetic methods innovation 


Over the past 20 years, several scientists have been 
recognized with the Nobel Prize for the invention 
of synthetic methodologies that have changed 
the way chemists design and build molecules. 
Each of these privileged methods—asymmetric 
hydrogenation, asymmetric epoxidation, olefin 
metathesis, and Pd-catalyzed cross-couplings— 
have broadly influenced the entire field of syn- 
thetic chemistry, but they have also enabled new 
directions in medicinal chemistry research. Of 
particular interest are new synthetic methods 
that enable medicinal chemists to control reac- 
tivity in complex, drug-like molecules, access non- 
obvious vectors for SAR development, and rapidly 
access new chemical space or unique bond for- 
mations. Recently, there have been several re- 
ported methods in these categories that have 
been rapidly adopted by medicinal chemists as 
a result of their practicality and broad utility. 
Owing to the diverse biological activity of 
nitrogen-containing compounds, the discovery 
of Pd-catalyzed and Cu-catalyzed cross-coupling 
reactions of amines and aryl halides to form C-N 
bonds resulted in the rapid implementation of 
these synthetic methods in the pharmaceutical 
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industry (20). The methodology addressed an 
unsolved problem to quickly and predictably ac- 
cess aromatic and heteroaromatic amines from 
simple precursors, and as a result it was rapidly 
adopted by medicinal chemists. Further devel- 
opment of these methodologies by process chem- 
istry groups for scale-up has resulted in optimized 
ligands and precatalysts, as well as generally 
reliable protocols that have further advanced the 
application of this methodology in discovery 
programs. Consequently, aromatic C-N bonds are 
common features in pharmaceutical compounds 
(20), highlighting the tremendous impact that 
controlled construction of C-N bonds in aromatic 
compounds has had on medicinal chemistry pro- 
grams. The next frontier is development of reliable 
methods to accomplish Csp*-N couplings (22). 

As the development of transition metal-catalyzed 
processes has advanced, application of cutting- 
edge methods to the predictable activation of 
C-H bonds for functionalization of complex lead 
structures can enable novel vector elaborations, 
changing the way analogs are prepared (23). In 
particular, late-stage selective fluorination and 
trifluoromethylation of C-H bonds in an efficient, 
high-yielding, and predictable fashion permits 
the modification of lead compounds to give ana- 
logs that potentially possess greater target affi- 
nity and metabolic stability without resorting to 
de novo synthesis. Methodological advances have 
enabled preparation of fluorinated analogs of lead 
structures under either nucleophilic or electro- 
philic conditions (24). One promising recent exam- 
ple shows that electrophilic aromatic fluorination 
can occur under mild conditions with a palladium 
catalyst and an electrophilic fluorine source such 
as N-fluorobenzenesulfonimide (NFSI) (25). In 
addition, trifluoromethylation of a structurally 
diverse array of drug discovery candidates using 
zinc sulfinates, in the presence of iron(IID acetyl- 
acetonate, generated analogs with improved meta- 


bolic properties (26). Visible-light photoredox 
catalysis has been also been applied to the 
practical, direct trifluoromethylation of het- 
eroarenes (27). 

Adoption of photoredox catalysis in the phar- 
maceutical industry has been rapid, owing to 
the practicality of the process, the tolerance to 
functional groups in drug-like candidates, and 
the activation of nonconventional bonds in drug- 
like molecules (28). Application of photoredox 
catalysis to the Minisci reaction was reported, 
enabling the facile and selective introduction of 
small alkyl groups into a variety of biologically 
active heterocycles such as camptothecin (29). 
Photoredox catalysis has also been used for the 
direct and selective fluorination of leucine methyl 
ester to afford y-fluoroleucine methyl ester with a 
decatungstate photocatalyst and NFSI (Fig. 2). 
Numerous processes have been reported to access 
y-fluoroleucine methy] ester, a critical fragment of 
the late-stage drug candidate odanacatib; how- 
ever, this method enables the most direct and 
efficient method to access this key building block 
in the fewest operations from a commodity feed- 
stock (30). More recently, photoredox catalysis was 
used to generate diazomethy] radicals, equivalents 
of carbyne species, which induced site-selective 
aromatic functionalization in a diverse array of 
drug-like molecules (37). This represents the 
latest of a series of very diverse, practical, and 
potentially impactful uses of photoredox tech- 
niques to assemble libraries of drug-like scaf- 
folds for screening. 

Although the preceding examples highlight 
the power of photoredox catalysis to accomplish 
previously unimaginable reactivity under very 
mild conditions (32, 33), even more remarkable 
transformations are being reported via synergis- 
tic catalysis, where both the photocatalyst and a 
co-catalyst are responsible for distinct steps in 
a mechanistic pathway that is only accessible 
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with both catalysts present. For example, the 
combination of single-electron transfer-based 
decarboxylation with nickel-activated electro- 
philes has provided a general method for the 
cross-coupling of sp”-sp? and sp*-sp® bonds. 
This method establishes a new way of thinking 
about the carboxylic acid functional group as a 
masked cross-coupling precursor, expanding the 
synthetic opportunities for a functional group 
that is ubiquitous in chemical feedstocks (34). 
Furthermore, leveraging synergistic catalysis 
with photoredox has resulted in the discovery of 
milder conditions for C-O (35) and C-N cross- 
couplings, allowing application of these methods 
to more pharmaceutically relevant substrates 
(36). The concise synthesis of the antiplatelet 
drug tirofiban (37) is an excellent example of how 
the pharmaceutical industry can readily use this 
methodology to facilitate drug discovery and 
development. As research continues to surge in 
this field, additional breakthroughs are antici- 
pated, and these will likely change how mole- 
cules are designed and built. 


Intersection of synthetic chemistry 
with biomolecules 


Biopolymers including proteins, nucleic acids, 
and glycans have evolved to achieve exquisite 
selectivity and function in a highly complex en- 
vironment. These properties are of great interest 
to the pharmaceutical industry not only from a 
target perspective, but also from a therapeutic 
perspective. The success of monoclonal antibodies, 
peptides, and RNA-based therapies attests to the 
power that nature’s platforms offer to our indus- 
try and patients. Recent advances in merging the 
fields of synthetic and biosynthetic chemistry have 
sought to harness these molecules and to expand 
useful manipulation of biomolecules in three dis- 
tinct ways: as catalysts for novel and selective 
transformations, as conjugates through innovative 
bio-orthogonal chemistry, and in the development 
of novel and improved therapeutic modalities. 


Biocatalysis 


Historically, the broad adoption of biocatalysis 
was held back by a limited availability of robust 
enzymes, a relatively small scope of reactions, 


and the long lead time required to optimize a 
biocatalyst through protein engineering (38). 
The invention of a recombinant engineered 
Merck/Codexis transaminase biocatalyst for the 
commercial manufacture of sitagliptin (Januvia) 
has inspired the broader application of bio- 
transformations in the pharmaceutical indus- 
try (39). Tremendous advances have been made 
in molecular biology, bioinformatics, and pro- 
tein engineering, enabling the development of 
biocatalysts with desired stability, activity, and 
exquisite selectivity. The impact of this area of 
research is exemplified by the 2018 Nobel Prize 
in Chemistry, recognizing Frances Arnold “for 
the directed evolution of enzymes.” As a result, 
biocatalysis has become more prevalent as a 
tool in drug discovery, as a valuable method for 
drug metabolite synthesis, and as a tool to enable 
rapid analog synthesis for SAR (40). For example, 
in 2013, the important discovery that cyclic gua- 
nosine monophosphate-adenosine monophos- 
phate (2’,3’-cGAMP) is the endogenous agonist 
of STING, a protein involved in the activation 
of innate immune cells, triggered an intense 
interest in the synthesis of cyclic dinucleotide 
(CDN) analogs (41). Typically, the total synthesis 
of CDNs by purely chemical transformations 
requires long linear sequences and results in a 
time-consuming and low-yielding process. The 
optimization of STING agonists was greatly 
facilitated by the realization that the endoge- 
nous enzyme cGAS, responsible for the in vivo 
production of 2’,3'’-cGAMP, could be engineered 
and harnessed for the biocatalytic production 
of non-natural CDNs (Fig. 3). The cyclization of 
various nucleotide triphosphate derivatives in 
a single biosynthetic step considerably reduced 
the cycle time and increased the yield of CDN 
synthesis, inspiring the design of novel agonists 
and the generation of SAR in this class (42). 
The continued investment in biocatalysis will 
lead to innovative solutions for unsolved prob- 
lems in synthetic chemistry in both the dis- 
covery and development arenas. This will be 
driven by increased speed of protein engineer- 
ing, access to enzymes with a variety of natural 
and even unnatural (43) catalytic activities, and 
the implementation of biocatalytic cascade catal- 


ysis to efficiently build complex chemical matter 
from simple starting materials (44). 


Bio-orthogonal chemistry 


Achieving selective reactions with biopolymers 
such as proteins presents a host of unique chal- 
lenges to the synthetic chemistry community; 
proteins have multiple reactive centers, charged 
residues, higher-order structure, and are usually 
handled in an aqueous environment. Nonethe- 
less, the opportunity to create improved conju- 
gates as therapies and imaging agents, or to 
induce covalent interactions to identify protein 
targets, represents important value to therapeu- 
tic drug discovery. 

Methods for selective conjugation to biomole- 
cules have undergone major synthetic evolution 
over the past 20 years. The discovery and devel- 
opment of a suite of click reactions has served 
as a powerful and broadly applied tool in protein 
bioconjugation (45). This highly bio-orthogonal 
and biocompatible reaction offers a powerful al- 
ternative to heterogeneous conjugation to sur- 
face lysines or engineered cysteines, and spurred 
the development of complementary expression 
technologies that could incorporate unnatural 
elements or recognition tags into biopolymers. 
This evolution in conjugation chemistry is best 
evidenced in the field of antibody-drug conju- 
gates (ADCs): The first generation of ADCs were 
heterogeneous conjugates, whereas those of the 
second generation are now almost entirely ho- 
mogeneous, with growing evidence that the site 
of conjugation is an important determinant of 
overall ADC performance (46). 

The development of additional bio-orthogonal 
chemistries that can lead to selective reaction 
with biomolecules, particularly without the re- 
quirement for engineering a recognition ele- 
ment into the biomolecule, is an important new 
frontier for synthetic impact. Two recent exam- 
ples of synthetic innovation suggest this toolset 
is expanding for proteins. In many cases, having 
the ability to conjugate at either the N or C ter- 
minus of a wild-type protein should avoid un- 
intended disruption of its function or secondary 
structure. The development of selective N-terminal 
conjugation chemistry (47) and complementary 
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application of decarboxylative alkylation chem- 
istry to the C terminus of a protein substrate (48) 
offer new insights into achieving bio-orthogonal 
and highly site-selective conjugation with com- 
plex biomolecules (Fig. 4). These reactions take 
advantage of local differences in basicity and 
ionization potential respectively and, in doing so, 
leverage the complexity that biopolymers offer. 


Synthetic innovation and 
therapeutic modalities 


As these advances in synthetic, biorthogonal, and 
biosynthetic chemistry merge, so too do our capa- 
bilities to improve therapeutic modalities in the 


space between synthetic small molecules and 
expressed large monoclonal antibodies. Peptides, 
oligonucleotides, and bioconjugates have been ad- 
vanced particularly for biological targets deemed 
“andruggable” by small-molecule and antibody 
platforms. Advances in these chemistries inspire 
new platforms and improve the breadth of bio- 
logical targets that we can address. Two exam- 
ples of innovation in therapeutic modalities 
through synthetic and biosynthetic chemistry are 
described below, although many others are being 
invented in academic and industrial settings. 

In the first case, it has long been appreciated that 
a critical element of the success of oligonucleotide- 


N-terminal C-terminal 
selective ie) R selective 
conjugation HANAN protein yy conjugation 
> H H 
R Oo Flavin 
pH 7.5 photocatalyst 
phosphate | S Me 34W Blue LED 
buffer eS H ~~ CO.Et 95:5 pH 3.5 
37 °C R' N buffer:glycerol 
fe) CO,Et (1 mM) 
oO Y R y 
RN ciclagy o R CO,Et 
ae a) HAN protein-N CO,Et 
/f ‘1 a R Me 


Fig. 4. Bio-orthogonal reactivity with proteins at N and C termini. 


, J. Org. Chem. 
2005, 70, 1508 


Tetrahedron Lett. 
2010, 57, 4833 


J. Am. Chem. Soc. 


WS 


Tetrahedron Lett. 
2007, 48, 1087 


Org. Lett. 
2004, 6, 3723 


A 
o 


Hypothesis 


MeO 


Rational HTE Approach: 
Parallel evaluation 


of rational 
chemical variables 


= N 


2008, 130, 4828 F 


OOOO OOOOOOS 
333383333835 
338385393353 
535980308008 
KDOOOSOOOOSe 
SDODOSOOOOSS 
ie 333398380885 
3 
HTE 
fen Asymmetric 


OMe Aza-Michael reaction 


C 
q 


82% e.e. 50% conv 


Fig. 5. High-throughput experimentation to accelerating reaction discovery. 


Campos et al., Science 363, eaat0805 (2019) 


18 January 2019 


based therapies was the introduction of phos- 
phorothioates into the oligo backbone, which 
afforded improved stability to biological matrices 
as well as improved membrane permeability 
to aid with cytosolic delivery. Although these 
and other improvements in stability and de- 
livery have advanced the field and enabled 
novel therapeutics to enter the clinic, many 
oligo-based therapies require high doses to 
overcome barriers to delivery, and their use is 
limited by their toxicity. Further improvements 
in stability and potency of the oligonucleotide 
should contribute to a widening of the ther- 
apeutic index and dose lowering. Interesting- 
ly, the chemistry used to introduce stabilizing 
phosphorothioates leaves each center as a mix- 
ture of two P-stereoisomers. Therefore, most 
clinical phosphorothioate-containing oligos that 
have 20 base pairs are, in reality, a large mixture 
of stereoisomers (2'°), each with different po- 
tency and stability characteristics. The ability to 
control phosphorothioate chemistry through an 
oxazaphospholidine approach by Wada and col- 
leagues (49) led to a practical and scalable plat- 
form (50) for stereopure antisense oligonucleotides 
that demonstrate preclinical superiority to the 
corresponding stereomixtures. 

Within the peptide arena, there has been a 
growing recognition that cyclic peptides offer 
improved starting points for drug discovery pro- 
grams relative to their linear counterparts, largely 
due to improvements in entropic cost for binding 
and proteolytic stability. Early display platforms 
developed to discover cyclic peptides relied on 
disulfide formation, and more recently on post- 
translational introduction of bis-electrophiles 
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that can cyclize peptides with two cysteine resi- 
dues (57). Through combined application of a 
ribozyme biocatalyst to enable unnatural amino 
acid incorporation into peptides, and then bio- 
orthogonal chemistry for cysteine cyclization 
through that unnatural amino acid, the Suga lab 
has developed an improved mRNA display plat- 
form (52) that has demonstrated tremendous po- 
tential to identify peptide ligands for challenging 
targets. The merging of chemical synthesis and 
biosynthesis within a common platform inspires 
further exploration of cyclic peptide modality; the 
introduction of selection pressures and forced 
evolution into this platform begins to resemble 
aspects of natural product generation that has 
historically inspired both organic synthesis and 
drug discovery. 


Technologies to accelerate innovation 
High-throughput experimentation 


Given the need to invent and rapidly deliver 
medicines to patients, the pharmaceutical indus- 
try must invest in capabilities with the potential 
to radically accelerate the discovery and indus- 
trialization of transformative synthetic method- 
ologies. High-throughput screening in biology 


Lead Result from HTE 


@ [cat]=14.4 mM 
0.030 | @ [cat]=7.2 mM 

© [Cat]= 3.6 mM 
0.024 | 


> aa 


5 0.01 
t[cat]+4 


0.015 


has been the foundation of hit discovery for 
decades, and in recent years, the pharmaceu- 
tical industry has strategically invested in the 
creation of high-throughput experimentation 
(HTE) tools for chemistry that enable scientists 
to test experimental hypotheses with hundreds of 
arrayed experiments (53). In the same time frame 
required for traditional single-reaction evalua- 
tion, the different parameters that determine 
reaction outcome, discrete variables (catalysts, 
reagents, solvents, additives), and continuous 
variables (temperatures, concentrations, stoi- 
chiometries) can be holistically explored in par- 
allel (54). As a result, the synthetic chemist now 
has access to exponentially larger amounts of 
experimental data than ever before. One recent 
example of the use of end-to-end HTE in process 
development was the discovery and develop- 
ment of an organo-catalyzed, enantioselective, 
aza-Michael reaction for the commercial man- 
ufacture of the antiviral letermovir (Fig. 5) (55). 
In this work, a series of efficient synthetic path- 
ways were envisioned by chemists and key 
transformations were evaluated in parallel using 
HTE. The emergence of an H-bonding catalysis 
mechanism was initially discovered with mod- 


erate enantioselectivity and low conversion using 
chiral phosphoric acids. Rapid evaluation of a 
large number of diverse scaffolds with H-bonding 
capability in this transformation resulted in the 
discovery of an efficient and highly selective bis- 
sulfonamide catalyst. Further HTE work enabled 
the mechanistic understanding of the transfor- 
mation, leading to optimization of both the cat- 
alyst structure and definition of optimal processing 
conditions. In this study and in many others (56, 57), 
novel bond-forming reactions were conceived by 
scientists, discovered through HTE, and then rap- 
idly industrialized for the commercial manufac- 
ture of late-stage drug candidates. 

HTE tools have also begun to have an impact 
in drug discovery (58). As new catalytic methods 
emerge that redefine which bonds can be forged, 
the breadth of the resulting substrate scope is 
poorly understood, as most test substrates com- 
monly demonstrated in the literature are simple 
and not representative of the complex func- 
tionality common in drug candidates. Pre-dosed, 
reaction-specific HTE screening kits, contain- 
ing a lab’s most successful and general catalyst 
systems, are used in discovery chemistry labs 
to enable the rapid identification of reaction 


i 
a fe) 
os 20 mol% cat: 82%, 92:8 P(R):P(S) 


; ‘Me 


4 mol% cat: 29%, 80:20 P(R):P(S) 


In silico designed dimeric catalysts 


Experimentally confirmed 


H 
H 


xx roms N 


O 


‘Pro 


Optimized catalyst 
n=8 


hey OK. 


H 


Fig. 6. Application of computational modeling to new catalyst design. 


Campos et al., Science 363, eaat0805 (2019) 


18 January 2019 


“shy 2 mol% cat: 90%, 97:3 P(R):P(S) 


(1st order in catalyst) 


5 of 8 


610z ‘6} Avenuer uo /Bio' Bewsoueios souel0s//:diy wo) papeojuMOGg 


RESEARCH | REVIEW 


conditions that work for these complex substrates. 
Additionally, HTE has recently been leveraged 
to benchmark emerging methods against dif- 
ferent catalytic procedures through the cre- 
ation of arrays of complex, drug-like substrates 
known as informer libraries (59) or through 
addition of diverse molecular fragments that 
can disrupt catalysis (60, 67). The use of these 
diagnostic methods allows exploration of the 
relationship between reaction types and diverse 
complex substrate structures, thus enabling 
synthetic practitioners to make better decisions 
about which synthetic methods to prioritize in 
their problem-solving. Additionally, miniatur- 
ization of HTE to nanomole scale—for example, 
by automated nanomole-scale batch (62) and 
flow (63) approaches—now enables the execution 
of more than 1500 simultaneous experiments 
at microgram scale in 1 day for rapid identifi- 
cation of suitable reaction conditions to explore 
chemical space and accelerate drug discovery. 
This capability is augmented by advances in 
rapid high-throughput analytics, such as MISER 
(multiple injections in a single experimental run) 
and MALDI (matrix-assisted laser desorption/ 
ionization) mass spectrometry techniques (64), 
which have enabled the analysis of as many as 
1536 reactions in very short time frames. Finally, 
nanomole HTE can also expedite the preparation 
of diverse, complex arrays of molecules and, when 
coupled directly with biological testing, can rad- 
ically alter how drug discovery is performed (65). 


Computational methods 


The use of computer-assisted methods to guide 
synthetic chemistry is emerging as an important 
component in the practice of drug discovery. 
Advances in computational chemistry and ma- 
chine learning in the past decade are delivering 
real impact in areas such as new catalyst design 
(66) or showing considerable promise in others 
such as reaction prediction (67). The application 
of deep learning methods has the potential to 
uncover new chemical reactions, expanding the 
access to new pharmaceutical chemical matter. 
Granda et al. (68) have reported promising results 
toward this end. By combining automated syn- 
thesis with machine learning, they reported the 
discovery of four chemical transformations with 
differentiated novelty. 

Recently, computer-guided design has been 
successfully applied to the preparation of cat- 
alysts that provide asymmetric control of a cy- 
cloisomerization reaction (69). Computational 
methods were used to evaluate the catalytic path- 
way of a previously unknown reaction, leading 
to the hypothesis that the electronics of the cat- 
alyst ligand influence both the rate and stereo- 
selectivity of the transformation. Application of 
quantum methods such as density functional 
theory (DFT) provided optimal ligand designs 
with markedly enhanced rate and selectivity over 
the original ligand. A second example where the 
use of computational methods aided in the de- 
sign of a superior catalyst is reported in the syn- 
thesis of a pronucleotide (ProTide, Fig. 6) (70). 
Achieving selective phosphoramidation of a nu- 
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cleoside at the 5’ hydroxyl over the 3’ hydroxyl with 
stereocontrol at the phosphorus center is highly 
challenging. A combination of mechanistic studies 
using a variety of chiral catalysts and DFT calcula- 
tions of a proposed transition state further informed 
by experimental observations led to the rational 
design of a dimeric phosphoramidation catalyst 
with an improved rate and excellent stereoselectivity. 

Despite these successes, the process for ratio- 
nal computational design of a catalyst is arduous, 
requiring the modeling of multiple mechanistic 
pathways and refinement of numerous molecules 
and transition states. A program for automating 
much of this process has been reported (77), and 
the advancement of such methods as well as the 
continual increase in processing power will drive 
further use of these tools in the future. 

The application of machine learning to syn- 
thetic problems has also generated considera- 
ble interest and excitement. One area of active 
research is the use of algorithms for synthetic 
route planning to a target molecule (72, 73). 
Segler et al. combined Monte Carlo tree search 
and three neural networks to identify potential 
synthetic routes (74). The success of the approach 
was qualitatively evaluated through a double- 
blind A/B test, where 45 chemistry students 
showed no preference between machine-suggested 
synthetic routes versus literature routes for repre- 
sentative target molecules. Machine learning has 
additionally been applied to forward reaction 
prediction (75). Neural networks were used to 
predict the major product of a reaction using an 
algorithm that assigns a probability and rank to 
potential products. Additionally, machine learn- 
ing was used to successfully predict the perform- 
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ance of a single reaction, a Buchwald-Hartwig 
amination, against multiple variables: reactants, 
catalysts, bases, and additives (76). Application of 
machine learning holds considerable promise for 
synthetic optimization of targets far exceeding 
those described herein, toward predicting routes, 
main products, side products, and optimal con- 
ditions, among others. The continued advance- 
ment of these methods leverages the wealth of 
public information in the scientific and patent 
literature as well as within pharmaceutical insti- 
tutions. The quality, breadth, depth, and density 
of the data within the domain of the predictions is 
critical for driving toward high-accuracy models. 
Inclusion of examples of both successful and un- 
successful transformations is also highly important. 
HTE is a highly attractive, complementary tech- 
nology for augmenting existing datasets by 
generating model-suitable data, maximizing in- 
formation content through careful design of exper- 
iments and capacity to deliver large volumes of 
data in a rapid and cost-effective manner. 


Future directions 


As we have discussed, breakthroughs in syn- 
thetic chemistry have proven to be the inspi- 
ration for the discovery and development of new 
medicines of important therapeutic value. Despite 
the many advances described above, the pace and 
breadth of molecule design is still constrained 
because of unsolved problems in synthetic chem- 
istry. Many opportunities still remain to advance 
the field, such that synthetic chemistry will never 
constrain compound design or program pace, 
and should actually inspire access to uncharted 
chemical space in the pharmaceutical industry. 


i Ring Ur 
“s. expansion _.--~ 


Ring ~*~. 
Contraction 


Fig. 7. Molecular editing to enable drug discovery. 
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Recently, we conducted a summit with key 
opinion leaders to assess the state of field and 
to identify areas of research in synthetic methods 
that would have critical impact in the pharma- 
ceutical industry. Key unsolved problems in syn- 
thetic chemistry included selective saturation 
and functionalization of heteroaromatics, concise 
synthesis of highly functionalized, constrained 
bicyclic amines, and C-H functionalization for the 
synthesis of o,a,0-trisubstituted amines. Other 
areas, such as selective functionalization of bio- 
molecules and synthesis of noncanonical nucleo- 
sides, were identified as emerging areas of high 
potential impact. We envision that partnerships 
between the pharmaceutical industry and lead- 
ing academic groups in the field hold great 
promise to spur the invention of disruptive syn- 
thetic chemistry to address these areas. 

The most intriguing idea to emerge from the 
discussion was the concept of molecular editing, 
which would entail insertion, deletion, or ex- 
change of atoms in highly functionalized com- 
pounds at will and in a highly specific fashion. 
Many innovations discussed above possess ele- 
ments of this aspirational goal; however, a truly 
general method of this type would substantially 
change the pace of drug discovery and reduce 
constraints on compound design. Figure 7 pro- 
spectively illustrates how analogs of a complex 
lead scaffold might be accessed via site selective 
C-H functionalization, heteroaromatic reduction, 
ring expansion, or ring contraction. The power to 
modify this scaffold directly and specifically not 
only avoids a potentially lengthy synthesis of 
analogs, but also removes any limitation of 
molecular design imposed by synthetic hurdles. 
We anticipate that breakthroughs in the area of 
molecular editing will improve the pace and quality 
of molecule invention, enabling the introduction 
of new and important medicines at a faster rate. 


Outlook 


Synthetic chemistry has historically been a power- 
ful force in the discovery of new medicines and is 
now poised to have an even greater impact to 
accelerate the pace of drug discovery and expand 
the reach of synthetic chemistry beyond the tra- 
ditional boundaries of small-molecule synthesis. 
New methods of synthesis can greatly expand 
the rate of molecule generation while also provid- 
ing opportunities to routinely synthesize complex 
molecules in the course of drug discovery. Manip- 
ulation of biomolecules either as catalytic reagents 
(i.e., engineered enzymes) or as substrates for site- 
specific modulation is becoming more accessible 
and creating new opportunities for producing novel 
therapeutic entities. Academic research continues 
to be an important venue for producing novel 
reactivity, and rapid application of new methods 
has the potential to further drive molecule inven- 
tion in drug discovery. New technologies such as 
HTE, automation, and new analytical methods 
are accelerating the discovery of new reaction 
methods. Further, integration of computational 
reaction modeling with the vast quantities of 
experimental data generated by nanoscale HTE 
has the potential to build more informative mod- 
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els that can predict successful reaction condi- 
tions or even discover new reactions. The field of 
predictive chemical synthesis remains nascent, 
but opportunities to build prognostic algorithms 
via machine-learning processes are likely to ex- 
pand in the coming years. Continued investment 
in synthetic chemistry and chemical technologies 
has the promise to advance the field closer to a 
state where exploration of chemical space is 
unconstrained by synthetic complexity and is 
only limited by the imagination of the chemist. 
Advancements in synthetic chemistry are certain 
to remain highly relevant to the mission of in- 


venting new medicines to improve the lives of 
patients worldwide. 
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INTRODUCTION: Neural circuits across the 
brain are composed of structures spanning 
seven orders of magnitude in size that are as- 
sembled from thousands of distinct protein 
types. Electron microscopy has imaged densely 
labeled brain tissue at nanometer-level resolu- 
tion over near-millimeter-level dimensions but 
lacks the contrast to distinguish specific pro- 


teins and the speed to readily image multiple 
specimens. Conversely, confocal fluorescence 
microscopy offers molecular contrast but has in- 
sufficient resolution for dense neural tracing 
or the precise localization of specific molecular 
players within submicrometer-sized structures. 
Last, superresolution fluorescence microscopy 
bleaches fluorophores too quickly for large- 


Nanoscale brain-wide optical imaging. ExLLSM images neural structures with molecular 
contrast over millimeter-scale volumes, including (clockwise from top right) mouse pyramidal 
neurons and their processes; organelle morphologies in somata; dendritic spines and synaptic 
proteins across the cortex; stereotypy of projection neuron boutons in Drosophila; projection 
neurons traced to the central complex; and (center) dopaminergic neurons across the brain, 


including the ellipsoid body (circular inset). 
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volume imaging and also lacks the speed for 
effective brain-wide or cortex-wide imaging 
of multiple specimens. 


RATIONALE: We combined two imaging tech- 
nologies to address these issues. Expansion mi- 
croscopy (ExM) creates an expanded, optically 
clear phantom of a fluorescent specimen that 
retains its original relative distribution of fluore- 
scent tags. Lattice light-sheet microscopy (LLSM) 

then images this phantom 
in three dimensions with 
minimal photobleaching at 
speeds sufficient to image 
the entire Drosophila brain 
or across the width of the 
mouse cortex in ~2 to 3 days, 
with multiple markers at an effective resolution of 
~60 by 60 by 90 nm for 4x expansion. 


RESULTS: We applied expansion/LLSM (ExLLSM) 
to study a variety of subcellular structures in 
the brain. In the mouse cortex, we quantified 
the volume of organelles, measured morpholog- 
ical parameters of ~1500 dendritic spines, de- 
termined the variation of distances between 
pre- and postsynaptic proteins, observed large 
differences in postsynaptic expression at ad- 
jacent pyramidal neurons, and studied both 
the azimuthal asymmetry and layer-specific 
longitudinal variation of axonal myelination. In 
Drosophila, we traced the axonal branches of 
olfactory projection neurons across one hem- 
isphere and studied the stereotypy of their 
boutons at the calyx and lateral horn across five 
animals. We also imaged all dopaminergic neu- 
rons (DANs) across the brain of another specimen, 
visualized DAN morphologies in all major brain 
regions, and traced a cluster of eight DANs to 
their termini to determine their respective cell 
types. In the same specimen, we also determined 
the number of presynaptic active zones (AZs) 
across the brain and the local density of all AZs 
and DAN-associated AZs in each brain region. 


CONCLUSION: With its high speed, nanomet- 
ric resolution, and ability to leverage genetically 
targeted, cell type-specific, and protein-specific 
fluorescence labeling, ExLLSM fills a valuable 
niche between the high throughput of conven- 
tional optical pipelines of neural anatomy and 
the ultrahigh resolution of corresponding EM 
pipelines. Assuming the development of fully 
validated, brain-wide isotropic expansion at 
10x or beyond and sufficiently dense labeling, 
ExLLSM may enable brainwide comparisons 
of even densely innervated neural circuits 
across multiple specimens with protein-specific 
contrast at 25-nm resolution or better. 
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Cortical column and whole-brain 
imaging with molecular contrast 
and nanoscale resolution 
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Optical and electron microscopy have made tremendous inroads toward understanding the 
complexity of the brain. However, optical microscopy offers insufficient resolution to reveal 
subcellular details, and electron microscopy lacks the throughput and molecular contrast to 
visualize specific molecular constituents over millimeter-scale or larger dimensions. We combined 
expansion microscopy and lattice light-sheet microscopy to image the nanoscale spatial 
relationships between proteins across the thickness of the mouse cortex or the entire Drosophila 
brain. These included synaptic proteins at dendritic spines, myelination along axons, and 
presynaptic densities at dopaminergic neurons in every fly brain region. The technology should 
enable statistically rich, large-scale studies of neural development, sexual dimorphism, degree 

of stereotypy, and structural correlations to behavior or neural activity, all with molecular contrast. 


he human brain is a 1.5-kg organ that, 

despite its small size, contains more than 

80 billion neurons (J) that connect through 

approximately 7000 synapses each in a 

network of immense complexity. Neural 
structures span a size continuum greater than 
seven orders of magnitude in extent and are com- 
posed of more than 10,000 distinct protein types 
(2) that collectively are essential to build and 
maintain neural networks. Electron microscopy 
(EM) can image down to the level of individual 
ion channels and synaptic vesicles (3) across the 
~0.03 mm? volume of the brain of the fruitfly 
Drosophila melanogaster (4, 5). However, EM 
creates a grayscale image in which the segmen- 
tation of specific subcellular components or 
the tracing of the complete arborization of spe- 
cific neurons remains challenging and in which 
specific proteins can rarely be unambiguously 
identified. Optical microscopy combined with 


immunofluorescence, fluorescent proteins, or 
fluorescence in situ hybridization (FISH) enables 
high-sensitivity imaging of specific protein ex- 
pression patterns in brain tissue (6, 7), brain- 
wide tracing of sparse neural subsets in flies 
(8, 9) and mice (JO), and in situ identification 
of specific cell types (71, 12) but has insufficient 
resolution for dense neural tracing or the precise 
localization of specific molecular players within 
critical subcellular structures such as dendritic 
spines. Diffraction-unlimited superresolution (SR) 
fluorescence microscopy (13, 14) combines nano- 
scale resolution with protein-specific contrast but 
bleaches fluorophores too quickly for large-volume 
imaging and, like EM, would require months 
to years to image even a single D. melanogaster 
brain (table S1). 

Given the vast array of molecular species that 
contribute to neural communication through 
many mechanisms in addition to the synaptic 


connections determined by EM connectomics 
(15), and given that the anatomical circuits for 
specific tasks can vary substantially between 
individuals of the same species (16, 17), high- 
resolution three-dimensional (3D) imaging with 
molecular specificity of many thousands of 
brains may be necessary to yield a comprehen- 
sive understanding of the genesis of complex 
behaviors in any organism. Here, we describe a 
combination of expansion microscopy (ExM) 
(18, 19), lattice light-sheet microscopy (LLSM) 
(20), and terabyte-scale image processing and 
analysis tools (21) that achieves single-molecule 
sensitivity and ~60- by 60- by 90-nm resolution 
at volumetric acquisition rates ~700x and 1200x 
faster than existing high-speed SR (22) and 
EM (5) methods, respectively, at comparable or 
higher resolution (table S1). We demonstrate its 
utility through multicolor imaging of neural 
subsets and associated proteins across the thick- 
ness of the mouse cortex and the entirety of the 
Drosophila brain while quantifying nanoscale 
parameters, including dendritic spine morphol- 
ogy, myelination patterns, stereotypic variations 
in boutons of fly projection neurons, and the 
number of synapses in each fly brain region. 


Combining expansion and lattice light- 
sheet microscopy (ExLLSM) 


In protein-retention ExM (proExM) (19), fluorophore- 
conjugated antibodies (Abs) and/or fluorescent 
proteins (FPs) that mark the features of interest 
within a fixed tissue are chemically linked to an 
infused polyacrylamide/polyacrylate gel. After pro- 
tease digestion of the tissue, the gel can be ex- 
panded in water isotropically, creating an enlarged 
phantom of the tissue that faithfully retains the 
tissue’s original relative distribution of fluorescent 
tags (fig. Sl and supplementary note 1). This yields 
an effective resolution given by the original re- 
solution of the imaging microscope divided by 
the expansion factor. Another advantage of di- 
gestion is that lipids, protein fragments, and 
other optically inhomogeneous organic com- 
ponents that are not anchored to the gel are suf- 
ficiently removed so that the expanded gel has 
a refractive index nearly indistinguishable from 
water and therefore can be imaged aberration- 
free to a postexpansion depth of at least 500 um 
(fig. S2) by using conventional water immersion 
objectives. ProExM has been applied to a range 
of model animals, including mouse (19), zebra- 
fish (23), and Drosophila (24-28). Although up 
to 20x expansion has been reported (29), at 
8x expansion by using an iterated form of 
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the N,N-dimethylacrylamide-gel expansion pro- 
tocol, we observed regions where the expansion 
superficially appears accurate (fig. S3A) and 
other regions of clear distortion, such as irreg- 
ularly shaped somata and nuclei (fig. S3B). High 
expansion ratios also require exceptionally high 
fluorescence labeling densities to take advantage 
of the theoretically achievable resolution and take 
longer to image. Thus, for this work we chose to 
focus only on applications (table S2) enabled by 
4x expansion. 

Several challenges emerge when attempting 
to extend ExM to specimens at the millimeter 
scale of the fly brain or a mouse cortical col- 
umn. First, even 4x expansion requires effec- 
tive voxel dimensions of ~30 to 50 nm on each 
side to match the full resolution potential of 
ExM, or ~20 trillion voxels/mm?/color. This in 
turn necessitates imaging at speeds on the order 
of 100 million voxels/s to complete the acquisition 
in days rather than weeks or more, as well as an 
image-processing and -storage pipeline that can 
handle such high sustained data rates. Second, 
photobleaching often extinguishes the fluores- 
cence signal from deeper regions of 3D speci- 
mens before they can be imaged—a problem 
that becomes more severe with thicker spec- 
imens, longer imaging durations, and/or the 
higher illumination intensities needed for faster 
imaging. Last, because ExM resolution is pro- 
portional to imaging resolution, the latter should 
be as high as possible within these other con- 
straints while also striving for near-isotropic 
resolution, so that neural tracing and quanti- 
fication of nanoscale structures is not limited by 
the axis of poorest resolution. 

To address these challenges, we turned to 
LLSM (20), which sweeps an ultrathin sheet 
of laser light through a specimen and collects 
the resulting fluorescence from above with a 
high numerical aperture (NA) objective to image 
it on a high-speed camera (supplementary note 2). 
Confinement and propagation of excitation 
light within the detection focal plane permits 
parallel acquisition of data at rates of 10 million 
to 100 million voxels/s at low intensities that 
minimize photobleaching within the plane and 
eliminates bleaching in the unilluminated regions 
above and below. Consequently, we could image 
large volumes of expanded tissue expressing 
yellow fluorescent protein (YFP) in a subset of 
mouse cortical neurons with uniform signal from 
top to bottom (Fig. 1A, left). By contrast, at a 
comparable signal in the acquired images, the 
out-of-focus excitation and high peak power 
at the multiple foci of a spinning disk confocal 
microscope (SDCM) photobleached the expanded 
tissue ~10x faster than LLSM (Fig. 1C), rendering 
deeper regions completely dark (Fig. 1, A and 
B, center), while the sparse illumination of 
the SDCM focal array slowed volumetric ac- 
quisition by ~7x (table S1). Another commer- 
cial alternative, Airyscan, efficiently images the 
fluorescence generated at the excitation focus 
and uses this information to extend the imaging 
resolution approximately 1.4 beyond the dif- 
fraction limit (30, 31). However, Airyscan imaged 
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Fig. 1. Comparing modalities to image-expanded mouse brain tissue. (A) 3D rendered volumes 
at equal magnification of tissue sections from the primary somatosensory cortex of a Thy1-YFP 
transgenic mouse, expanded ~4x by using the protein-retention expansion microscopy (proExM) 
protocol and imaged by means of (left to right) LLSM in sample scan mode [LLSM (SS), blue]; spinning 
disk confocal microscopy (Spinning Disk, green); and Airyscan in fast mode (Airyscan, orange). Scale 
bars, 50 um, here and elsewhere given in preexpanded (biological) dimensions. (B) (Top) xy and 
(bottom) xz maximum intensity projections (MIPs) of 25-1um-thick slabs cut from the image volumes in 
(A) at the locations denoted by the red and purple lines in the slabs perpendicular to them, respectively. 
(Insets) Regions in the white rectangles at higher magnification. Scale bars, 50 um, full MIPs; 5 um, 
insets. (C) Comparative imaging and photobleaching rates for the three modalities (table S1). 

(D) (Top) xy and (bottom) xz spatial frequency content in the same three image volumes as measured 
from mitochondria-targeted antibody puncta, with different resolution bands as shown (fig. S4). 


expanded tissue ~40x slower (table S1) and with 
~20x faster bleaching (Fig. 1C) than LLSM. 
LLSM can operate in two modes: objective 
scan (fig. S4), in which the sample is stationary 
while the light-sheet and detection objective 
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move in discrete steps across the image volume, 
and sample scan (Fig. 1), in which the sample 
is swept continuously through the light sheet. 
Sample scan is faster (tables S1) but yields 
slightly lower yz resolution (fig. $4) than that of 
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objective scan because information in the sam- 
ple scanning direction is slightly blurred by 
simultaneous image acquisition and sample 
movement. Of the methods above, Airyscan 
should in principle achieve the highest lateral 
(xy) resolution, followed by SDCM (owing to 
pinhole filtering), and last, the two modes of 
LLSM. In practice, however, dendritic spines 
and axons appeared more clearly and faithfully 
resolved in lateral views with LLSM than with 
SDCM or even Airyscan (Fig. 1B, top row), a 
conclusion corroborated by its higher lateral 
spatial frequency content (Fig. 1D and fig. S4A, 
top rows) as measured from mitochondria- 
targeted Ab puncta. Likewise, the thinness of 
the lattice light sheet contributes to the axial 
(g) resolution of LLSM (Fig. 1D and fig. S4A, 
bottom rows) and therefore yielded xz views 
of spines and axons only slightly poorer than 
in the lateral plane and substantially sharper 
than those obtained with SDCM or Airyscan 
(Fig. 1B, bottom row). 

One additional challenge in millimeter-scale 
ExLLSM involves the processing of multitera- 
byte data sets. In LLSM, the lateral extent of the 
light sheet (table S2) is far smaller than an ex- 
panded fly brain or cortical column, so the final 
image volumes had to be computationally stitched 
together from as many as 25,000 (table S2) tiled 
subvolumes per color. However, because of sys- 
tematic sample stage errors and slight swelling 
or shrinking of expanded samples over many 
hours, many tiles did not perfectly overlap with 
their neighbors on all six sides. To address this, 
we developed an Apache Spark-based high- 
performance computing pipeline (supplementary 
note 3 and figs. S5 to S7) that first performed a 
flat-field correction for each tile to account for 
intensity variations across the light sheet and 
then stitched the intensity-corrected tiles to- 
gether by using an automated and iteratively 
refined prediction model of tile coordinates. In a 
separate track, each intensity-corrected tile was 
deconvolved by using a measured point spread 
function (PSF) so that when the final set of 
coordinates for all tiles was available, the de- 
convolved image volume of the entire specimen 
could be assembled and visualized (supplementary 
note 4 and 5) with minimal stitching artifacts. 


Quantification of subcellular structures 
in mouse cortical neurons 


The protein-specific fluorescence contrast of 
ExLLSM enabled rapid, computationally effi- 
cient, and purely automated segmentation and 
nanoscale quantification of subcellular neural 
structures over large volumes. For example, 
dense cytosolic expression of YFP under the 
thyl promotor in mouse pyramidal neurons 
revealed sharply delineated voids (Movie 1) 
representing subcellular compartments (Fig. 2A) 
of various shapes and sizes whose volumes we 
could quantify accurately (Fig. 2B and supple- 
mentary note 4d). Simultaneous immunofluo- 
rescence labeling against Tom20 and LAMP1, 
although comparatively sparse (movie S1), was 
sufficient to identify the subset of these that 
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represented mitochondria or lysosomes (Fig. 2C)— 
in the latter case, the specific subset with LAMP1 
that likely represented multivesicular bodies or 
autolysosomes (supplementary note 6a) (32). As 
expected, we found that mitochondria were 
generally both longer and larger in volume than 
lysosomes (Fig. 2D and table S3). Mitochondria 
ranged in length from 0.2 to 8.0 um, which is 
consistent with EM measurements in the cor- 
tex (33) or other regions (34) of the mouse 
brain, whereas the subset of LAMP1 compart- 
ments ranged from 0.1 to ~1.0 um, which is also 
consistent with EM (35). 

Given this agreement—and the important 
roles mitochondria play in dendrite develop- 
ment, synapse formation, calcium regulation, and 
neurodegenerative disease (34, 36, 37)—we 
extended our analysis across ~100 by 150 by 
150 um of the mouse somatosensory cortex. We 
classified length, aspect ratio, and volume (Fig. 
2E and fig. S8) of 2893 mitochondria and 222 
lysosomes across the somata and initial por- 
tions (78 um mean length) of the apical dendrite 
of five-layer V pyramidal neurons, as well as the 
initial portions (95 um mean length) of three 
descending axon segments. As noted previously 
in the hippocampus (36), we found that long 
and high-aspect-ratio mitochondria were far 
more prevalent in apical dendrites than in 
axons, with mitochondria longer than 3 um 
comprising 6.5% all dendritic mitochondria 
(~12 per 100 um of dendrite length) versus 0.7% 
of all axonal ones. These differences may re- 
present the difficulty in assembling and main- 


Movie 1. Organelle analysis of layer V pyramidal 
neurons in the mouse somatosensory cortex. 
Segmentation of cytosolic voids in Thyl-YFP- 
expressing neurons, quantification of their vol- 
umes, and immunostaining-based classification 
of those voids that represent mitochondria or 
multivesicular bodies or autolysosomes (Fig. 2, 
A to E; fig. S8; and movie S1). 
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taining large organelles within the narrow 
confines of the axon, or they may reflect func- 
tional differences in the regulation of calcium 
in axons versus dendrites. 

We next turned our attention to the myeli- 
nation of axons, which is essential for the rapid 
(38, 39) and energy-efficient (40) propagation of 
action potentials (APs) and which, when dis- 
rupted, can lead to neurodegenerative diseases 
such as multiple sclerosis (47). The propagation 
velocity is affected by the g-ratio, the diameter 
of the axon normalized to the diameter of its 
surrounding myelin sheath (42). Most EM mea- 
surements of the g-ratio come from 2D images 
of single sections cut transversely to axonal tracts 
(43-45) and therefore lack information on how 
the g-ratio might vary along the length of a 
given axon. To address this, we used ExLLSM to 
image a 320- by 280- by 60-um volume in the 
primary somatosensory cortex of a Thyl-YFP 
transgenic mouse immunostained against mye- 
lin basic protein (MBP) (Fig. 2F and Movie 2). 
At every longitudinal position z along a given 
myelinated axon, we measured the local g-ratio 
at every azimuthal position 0 by dividing the 
radius Paxon(9, 2) of the axon along the radial 
vector from the axon center by the radius 
Pmyelin(9, 2) of the outer edge of the myelin 
sheath along the same vector (Fig. 2G, fig. S9, 
and supplementary note 4e). Across one 56-um- 
long segment, the mean g-ratio of 0.57 calcu- 
lated from mean axon and sheath diameters 
of 0.52 and 0.90 um, respectively, fell at the 
lower end of a distribution previously reported 
in the central nervous system yet was con- 
sistent with a theoretical estimate of 0.60 for 
the ratio that optimizes propagation velocity 
(42). However, these values do not reflect the 
substantial variability we observed, with the 
outer axon-to-outer myelin distance ranging from 
0.12 to 0.35 um (fig. S10) and the local g-ratio 
ranging from ~0.4 to 0.8 (Fig. 2H and Movie 2). 
Furthermore, the axon and the sheath were rarely 
concentric (Fig. 2G), leading to rapid longitudinal 
changes in capacitance and impedance that may 


Movie 2. Axon myelination and local g-ratio 
of layer V pyramidal neurons of the mouse 
primary somatosensory cortex. Thy1-YFP- 
expressing neurons and immunostained myelin 
sheaths across 320 by 280 by 60 um, with 
quantification of the local g-ratio on the surface 
of a specific myelin sheath (Fig. 2, F and G, and 
figs. S9 and S10). 
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Fig. 2. Nanoscale, protein-specific 3D imaging of subcellular neural 
structures. (A) Segmented compartments void of cytosolic YFP (gray), 
color-coded by volume, in portions of the somata and apical dendrites of 
two layer V pyramidal neurons from the somatosensory cortex of a Thy1-YFP 
mouse (Movie 1). Scale bars, 5 um and (inset) 1 wm. (B) Distribution of 
the compartment volumes. (C) Same region as (A), with voids identified 
with immunostaining (movie S1) as either mitochondria (magenta) or 
multivesicular bodies or autolysosomes (yellow). (D) Scatter plots of the 
major axis (long axis) length versus volume for the two organelle types. 
Point colors in (D) and (E) indicate relative data point density (blue, low; 
red, high). (E) Similar scatter plots for mitochondria only, separated by 
cellular region (fig. S8). (F) Axon of a layer V pyramidal neuron and its 
surrounding myelin sheath, from the primary somatosensory cortex 

of another Thyl-YFP mouse, immunostained against myelin (Movie 2). 
(Inset) A cross-sectional view through the white parallelogram. Scale bars, 
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5 um and (inset) 500 nm. (G) Same region as (F), with the myelin sheath 
color coded according to the local g-ratio (fig. S10). (Inset) Azimuthal 
variation in g-ratio in the region within the rectangle. Scale bar, 5 um. 
(H) (Left) Distribution of axon radius and myelin outer radius and (right) 
distribution of g-ratio at all points on the axon in (G). (I) xy MIP of a 
9.3-um-thick slab within a 75- by 100- by 125-um volume from the primary 
somatosensory cortex of a Thyl-YFP mouse, immunostained against 
synaptic proteins Bassoon and Homer1 (Movie 3 and fig. S10). Only 
YFP-associated Bassoon/Homerl pairs are shown for clarity. (Insets) 
(Top) magnified xy MIP of a 2.2-um-thick slab from boxed region at right. 
(Bottom) All Bassoon/Homerl pairs in the same region. Three pairs are 
indicated with arrows. Scale bars, 10 um and (insets) 1 um. (J) Distribution 
of distances between paired Bassoon and Homerl1 centroids across the 
entire volume. (K) Distribution when restricted to only those pairs 
associated with YFP-expressing neurons. 
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Fig. 3. Characterizing dendritic spine morphologies and postsynaptic 
Homer] across the mouse primary somatosensory cortex. (A) Coronal 
MIP of a 1900- by 280- by 70-um tissue section spanning the pia to the 
white matter of the primary somatosensory cortex of a Thyl-YFP mouse 
(Movie 4), additionally immunostained against Bassoon and Homerl1. 
Boxes denote seven regions for quantitative morphological analysis of 
dendritic spines. Scale bar, 100 um. (B) (Top) Magnified MIPs of YFP- 
expressing neurons in four of the regions from (A), with (bottom) further 
magnified subregions showing differing spine morphologies. Scale bars, 
(top) 50 um and (bottom) 10 um. (C) Scatter plots and histograms 


Gao et al., Science 363, eaau8302 (2019) 18 January 2019 


HWM 


Bassoon 


Head Diameter 


3 4 50 10 20 30 0 2 
Backbone Length (um) \ckbone Length (tim) 


. 


3 4 50 20 40 60 1 2 3 4 50 20 40 60 
Neck Backbone Length (um) 


Local Density 


Homer! Puncta 


09 = 4,552,483 


Y (mm) 


indicating relationships between (top) spine backbone length and head 
diameter and (bottom) spine neck length and neck diameter in the four 
regions from (B) (figs. S13 to S15 and movie S2). (D) Two adjacent layer V 
pyramidal neurons selected within the volume (magenta), one exhibiting 
strong Homer 1 expression (neuron 1) and the other exhibiting weak 
expression (neuron 2). (Insets) Homerl localization or lack thereof at 
apical dendritic spines (fig. S17). Scale bars, 50 um and (insets) 10 um. 
(E) (Top) MIP of the local density of Homerl puncta across a ~25-uwm-thick 
coronal slab, and (bottom) the cumulative number of puncta in 50- by 
50- by 25-um subvolumes across the cortex. 
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influence the speed and efficiency of signal 
propagation. We subsequently confirmed these 
observations with EM (fig. S11 and supplemen- 
tary note 2h). 

EXLLSM is also well suited to study the na- 
noscale organization of synaptic proteins over 
large tissue volumes. Imaging a 75- by 100- by 
125-um tissue section cut from layer IV/V of 
the primary somatosensory cortex of a trans- 
genic Thyl-YFP mouse, we identified 25,286 
synapses that have closely juxtaposed concen- 
trations of immunolabeled pre- and postsynaptic 
proteins Bassoon and Homer! (fig. $12A), 2325 
of which had Homer] localized at YFP-labeled 
dendritic spines (Fig. 2I and Movie 3). These 
tended to form nested caps, with major axis 
lengths of 856 + 181 nm and 531 + 97 nm for 
Bassoon and Homer], respectively [median + 
median absolute deviation (MAD)] (fig. S12, B 
and C). The Homer! distribution was consist- 
ent with SR measurements in dissociated hip- 
pocampal neurons (DHN) (46), but our Bassoon 
values were slightly larger. The centroid-to- 
centroid distance we measured between Bassoon/ 
Homer! pairs was 243 + 69 nm for all pairs 
within the volume (Fig. 2J) and 185 + 70 nm 
for those associated with YFP-filled spines (Fig. 
2K). The difference between these values sug- 
gests that mature glutamatergic synapses of 
layer V pyramidal neurons, which are the ones 
expressing YFP, are narrower than other types 
across the primary somatosensory cortex. The 
difference between these values and previous 
SR measurements of 150 + 20 nm in the ventral 
orbital cortex (n = 252 Bassoon/Homer! pairs) 
(47), 165 + 9 nm in DHN (n = 43 pairs) (46), and 
179 + 42 nm in the middle of the primary somato- 
sensory cortex (7 = 159 pairs) (29) may reflect 
natural variations in different brain regions (29) 
or a systematic bias in these earlier studies arising 
by measuring the distance between 1D Gaussian 
fits to the Bassoon/Homer! distributions in a 
manually selected slice through the heart of 
each synapse, versus our approach of calcu- 
lating the distance between the 3D centroids 
calculated across the complete distributions. 


Somatosensory cortex—spanning 
measurement of dendritic spines and 
excitatory synapses 


The combination of fast imaging (table $1) and 
targeted sparse labeling enables ExLLSM-based 
quantification of nanoscale neural structures to 
be extended to millimeter-scale dimensions over 
multiterabyte data sets. This yields statistically 
large sample populations that can reveal subtle 
changes in the distributions of specific morpho- 
logical parameters across different regions of 
the brain. 

One such application involves the morphol- 
ogy of dendritic spines in different layers of the 
mouse cerebral cortex. A spine is a small (~0.01 
to 1.0 um?) membranous protrusion from a 
neuronal dendrite that receives synaptic input 
from the closely juxtaposed axon of another 
neuron. Spine morphology has been extensively 
studied with a variety of imaging methods (48), 
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in part because it is related to synaptic strength 
(49), whose time- and activity-dependent change 
(plasticity) (50) is implicated in learning and 
memory consolidation (57). However, although 
optical methods such as Golgi impregnations 
(52), array tomography (6), and confocal (53) 
and two-photon microscopy (54, 55) can image 
the complete arborization of neurons spanning 
the cortex, they lack the 3D nanometric resolu- 
tion needed to measure the detailed morphol- 
ogy of spines. Conversely, EM (56, 57) and SR 
fluorescence microscopy (58, 59) have the re- 
quisite resolution but not the speed to scale 
readily to cortical dimensions. ExLLSM, however, 
has both. 

To demonstrate this, we imaged a 1900- by 
280- by 70-um tissue slice spanning the pia to 
the white matter in the primary somatosensory 
cortex of a transgenic Thyl-YFP mouse expres- 
sing cytosolic fluorescence within a sparse subset 
of layer V pyramidal neurons. The slice was 
additionally immunostained against Bassoon 
and Homer! (Fig. 3A and Movie 4). In each of 
seven different regions across the cortex (Fig. 
3B and fig. S13A), we selected four 27- by 27- 
by 14-um subvolumes and used a modified com- 
mercial analysis pipeline (supplementary note 


Movie 3. Synaptic proteins and their 
associations to neuronal processes in 
layers IV and V of the mouse primary 
somatosensory cortex. Thyl-YFP—expressing 
neurons and immunostained pre- and 
postsynaptic proteins Bassoon and Homer1 
across 75 by 100 by 125 um, sequentially 
showing all Bassoon and Homer! puncta, and 
only YFP-associated Bassoon and Homer1 
pairs (Fig. 2, | to K, and fig. S12). 


Movie 4. Relationship of postsynaptic 
Homer] to neuronal processes across the 
mouse primary somatosensory cortex. Thy1- 
YFP-expressing neurons and immunostained 
postsynaptic protein Homerl across 1900 by 
280 by 70 um in the primary somatosensory 
cortex, with specific focus on two adjacent layer 
V pyramidal neurons that exhibit substantially 
different patterns of Homerl expression (Fig. 3, 
figs. S13 to SIZ, and movie S2). 
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4f) (60) to segment (fig. S14 and movie S2) 
and measure spine ultrastructure. Across the 
~1500 spines so measured, the range of spine 
head diameters, neck diameters, overall back- 
bone lengths (spine root to tip), and neck back- 
bone lengths (Fig. 3C and figs. S13B and S15) 
were consistent with those seen in an EM study 
of layer II/III pyramidal neurons in the mouse 
visual cortex (56). Furthermore, the absence of 
spines in the initial segment of the distal apical 
dendrite, and prevalence of much larger spines 
on smaller dendritic branches than on the re- 
mainder of the distal apical dendrite (Fig. 3D), 
were in line with an EM study of pyramidal 
neurons in the primary somatosensory cortex 
of the cat (67). Mean spine head diameter and 
mean neck backbone length each approximately 
doubled from layer II/III (position 1) to the re- 
gions of layers IV and V (positions 3 and 4) 
nearest the somata before falling again in layer 
VI (positions 6 and 7) to levels similar to layer 
II/III (table $4). This is consistent with a lon- 
gitudinal in vivo study of spine morphology that 
found that spines closer to the soma, including 
those on proximal apical dendrites, were more 
mature and formed stronger synaptic connec- 
tions than those on basal dendrites or the distal 
apical dendrite (62). We also found that head 
diameter and backbone length or neck back- 
bone length were correlated across all layers 
of the cortex (Fig. 3C, top row; figs. S13B, top 
row, and S15; and table $4), but neck diameter 
and neck backbone length were not correlated 
across all regions (Fig. 3C, bottom rov; fig. S13B, 
bottom row; and table S4). 

Colabeling with Homerl-specific antibodies 
allowed us also to map excitatory synapses and 
their density (Fig. 3E) across the primary somato- 
sensory cortex. In particular, when 4.5 million 
Homer! puncta were binned in 50- by 50- by 
25-um subvolumes to average across local fluc- 
tuations, their density was revealed to be ~1.5 
to 2.0x greater in layers II/III and V (~40 to 
50 puncta/ um?) than in adjacent layers I, IV, 
and VI. Similar dual maxima in synaptic density 
are seen in sparsely sampled EM images of the 
rat somatosensory (63) and mouse barrel cortex 
(64), although in different cortical layers (rat, IT 
and IV; mouse, I and IV) than seen in this work. 

Focusing on the subset of Homerl puncta 
colocalized with YFP-expressing dendritic spines, 
we found that thin spines were approximately 
twice as likely to coexpress Homer! as spines 
classified as stubby, mushroom, or filopodial 
(fig. S16). As a synaptic scaffold protein, Homer1 
plays an important role in the recruitment and 
cross-linking of other proteins that lead to the 
maturation and enlargement of spines (65-67), 
so Homer's relative abundance at thin spines 
may presage their transformation to more mature 
forms. Surprisingly, we also observed dramatic 
variations in the expression of Homer1 within 
neighboring layer V pyramidal neurons: Homer1 
was present at nearly all spines and throughout 
the cytosol of one neuron (Fig. 3D, neuron 1), 
whereas a parallel neuron ~57 um away of sim- 
ilar morphology exhibited very little Homer], 
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even at its dendritic spines (Fig. 3D, neuron 2). 
This difference did not result from differential 
labeling efficiency because the density of Homer1 
puncta in the immediate surrounds of each 
neuron was similar (fig. $17). Instead, because 


Homer! levels are known to change rapidly 
under different neuronal states [for example, 
asleep versus awake (68)], it may reflect the 


different excitatory states of these two neurons 
at the time the animal was sacrificed. 


Visual cortex—spanning neuronal tracing 
and myelination patterns 

Although the radial anisotropy of axonal mye- 
lination (Fig. 2E) can affect the speed and 
efficiency of AP propagation, so too can its 


Fig. 4. Neural tracing and longitudinal myelination analysis across 
the mouse primary visual cortex. (A) Coronal MIP of a 25-um-thick slab 
within a 1100- by 280- by 83-um tissue section spanning the pia to the white 
matter of the primary visual cortex of a Thyl-YFP mouse (Movie 5), 
additionally immunostained against MBP and Caspr to highlight myelin 
sheaths and nodes of Ranvier, respectively. Scale bar, 100 um. (B) Traced 
arborization (Movie 6) of a specific layer V pyramidal neuron denoted by the 
arrowhead in (A), showing the soma (red), apical (magenta), and basal 
(orange) dendrites; myelinated (yellow) and unmyelinated (cyan) axon 
segments; and collateral axon branches (green). Arrows indicate nodes of 
Ranvier. Scale bar, 100 um. (C) Magnified segmented views of (left) the 
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distal apical dendrite and two of its branches and (right) a basal dendrite 
and its spines, from boxed regions i and ii in (B), respectively. Scale bars, 
Tum. (D) MIP view of boxed region iii in (B), showing (left) the distal end of 
the PMAS; (middle) Caspr at the start of myelination; and (right) cross- 
sectional views of the axon (1) before and (2) after the start of myelination. 
Scale bars, 1 um. (E) MIP view of boxed region iv in (B), showing (left) break in 
myelination and two branching collateral axons at a node of Ranvier 

and (right) Caspr highlighting the two ends of the node. Scale bars, 1 um. 

(F) (Top) Segmented view of a collateral axon with myelinated and unmyelinated 
sections from boxed region v in (B). (Bottom) Three MIP views of breaks in 
myelination with flanking Caspr. Scale bars, (top) 10 um; (bottom) 1 um. 
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longitudinal variation. The repeated gaps in 
myelination at the nodes of Ranvier house 
ion channels that are essential to regenerate 
the AP during saltatory conduction (69), the 
hallmark of high-speed signal propagation in 
vertebrates. Recently, however, high-throughput 
EM imaging and axonal tracing at 30 by 30 by 
240 nm/voxel (70) has revealed additional gaps 
in the axonal myelination of layer II/III neurons 
in the mouse primary visual cortex much larger 
(for example, 55 um) than either the ~2 um 
typical of the nodes of Ranvier or the shorter 
and rarer gaps observed in layers III to VI of the 
primary somatosensory cortex. 

To determine whether these differences are 
more reflective of the layer of origination of 
the axon or the functional role of the cortical 
region studied (the somatosensory versus the 
visual cortex), we imaged at 27 by 27 by 50 nm/ 
voxel a ~280- by 1100- by 83-um tissue section 


from the primary visual cortex extending from 
the pia to the white matter of a Thyl-YFP mouse. 
The tissue was additionally immunostained 
against MBP and contactin-associated protein 
(Caspr) (71) to visualize myelin sheaths and 
their terminations, respectively (Fig. 4A and 
Movie 5). Although the dense global staining 
of EM makes long-range 3D tracing of small 
neurites challenging, expression of YFP in a 
sparse subset of layer V and layer VI pyramidal 
neurons (72) enabled rapid semiautomatic trac- 
ing (supplementary note 4h) of axons, their mye- 
lination, and the entire arborization of selected 
neurons across the tissue section (Fig. 4B and 
Movie 6). This included the distal apical den- 
drite and its branches (Fig. 4C, i), basal dendrites 
and their spines (Fig. 4C, ii), the premyelin ax- 
onal segment (PMAS) (Fig. 4D), the nodes of 
Ranvier (Fig. 4E), and collateral branches of 
the main axon originating at the nodes (Fig. 


4F). All these features matched the known mor- 
phologies of layer V pyramidal neurons (73) and 
were recapitulated in a second neuron traced 
throughout the volume (Fig. 5A and Movie 6). 

Given this assurance, we traced the axons 
and their longitudinal myelination patterns for 
10 neurons in layer V and 11 more in layer VI 
(Fig. 5B). Within the imaged volume, all of the 
layer V axons in the primary visual cortex ex- 
hibited continuous myelination beyond the end 
of the PMAS, except for the expected small gaps 
at the nodes of Ranvier. This is consistent with 
the myelination pattern seen previously for 
layer III to VI axons in the primary somato- 
sensory cortex (70). The range of PMAS lengths 
we measured for these neurons (28 to 41 um, 
mean = 34.9 + 1.1 1m) was also consistent with 
the range found in layers V and VI of the pri- 
mary somatosensory cortex (25 to 40 um, mean = 
33.7 + 2.4 um). The internodal spacing of the 
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Fig. 5. Longitudinal myelination profiles of layer V and VI pyramidal 
neurons in the mouse primary visual cortex. (A) Traced arborization of 
a second layer V pyramidal neuron within the volume in Fig. 4A. Scale bar, 
100 um. (B) (Left) Segmented soma and axon of a pyramidal neuron 
shown in the context of its surroundings in layer VI. (Right) Segmented 
somata (color coded by volume) and axons, showing myelinated (yellow) 
and unmyelinated (cyan) segments, for 10 pyramidal neurons from layer V 
(top row) and 11 more from layer VI (bottom row). Boxed neuron is shown 
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at left. Scale bars, (left) 10 um and (right) 50 um. (C) Node spacing for 
four layer V neurons from (B) (fig. S18). (D) Volumes of eight layer V and 
nine layer VI somata fully within the image volume [no asterisks in (B)] 
(mean + SEM). (E) Volumes of the three somata with intermittently 
myelinated axons and five somata with continuously myelinated axons in 
layer VI (mean + SEM). The P values are calculated from a permutation 
test for medians. n.s., not significant. (F) Scatter plot of soma volume 
versus PMAS length for the neurons in (B) (fig. S19). 
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Fig. 6. Long-range tracing and stereotypy of neuron bundles in 
Drosophila. (A) MIP view of DC3 olfactory projection neurons (PNs) 
projecting from the antenna lobe of an adult Drosophila brain and partially 
traced here (Movie 7) to the calyx (CA) and lateral horn (LH). Scale bar, 
10 um. (Inset) (White box) Comparison of cross-sectional views of the 
axon bundle by means of (left) confocal microscopy and (right) ExLLSM. 
Scale bar, 1 um. (Inset) (Yellow box) A magnified view of DC3 PN boutons 
in CA. Scale bar, 1 um. (B) Volume of each individual DC3 PN bouton in 
CA and LH. (©) Overlaid MIP view of DC3 PNs from five adult Drosophila 
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brains (D1 to D5) near CA. Scale bar, 10 um. (D) Number of DC3 PN 
boutons in CA for D1 to D5 shown in (C). (E) Volume of DC3 PN boutons in 
CA for D1 to D5 shown in (C). (F) MIP view of individually traced PPM3 
DANSs in the right hemisphere of an adult Drosophila brain (Movie 8), 
innervating the fan-shaped body (FB) (green), ellipsoid body (EB) 
(magenta), and noduli (NO) (green). The fine neurites arborizing FB, EB, 
and NO are from both hemispheres of the brain. Scale bar, 10 um. 

(G) MIP view of the identified cell types of PPM3 DANs (fig. S20). 

Scale bar, 10 um. 
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four layer V neurons that could be traced to the 
white matter increased with increasing distance 
from the soma (Fig. 5C and fig. S18). By con- 
trast, in layer VI only six axons were continu- 
ously myelinated, whereas two were completely 
unmyelinated, and three exhibited intermittent 
myelination with long unmyelinated segments 
more reminiscent of the layer II and III axons 
in the primary somatosensory cortex than the 
layer VI axons there (70). Thus, myelination 
patterns of axons in the primary visual cortex 
and the primary somatosensory cortex can differ, 
even for neurons in the same cortical layer. 
Although the volumes of the somata and 
the diameters of the PMAS in layer V of the 
primary visual cortex were twice as large as 
those in layer VI (Fig. 5D and fig. S19, respec- 
tively), there was not a strong relationship 
between soma volume and myelination pattern 
(for example, intermittent or continuous) within 
layer VI (Fig. 5E). However, the PMAS lengths of 
the six continuously myelinated and the three 
intermittently myelinated axons in layer VI of 
the primary visual cortex split into distinct 
populations (Fig. 5F), with the intermittent 
ones of mean length (30.3 + 1.7 um) similar 
to the axons of layer V, and the continuous 
ones more than twice as long (70.6 + 3.6 um). 
Thus, continuously myelinated axons in differ- 
ent layers of the primary visual cortex need not 
have similar PMAS lengths. Given that the dis- 
tal end of the PMAS is the site of AP initiation 
(74), perhaps PMAS length might be one mech- 
anism by which neurons control the AP to ac- 
count for differences in myelination or overall 
axon length in different layers and cortical regions. 


Long-range tracing of clustered neurons 
in Drosophila and their stereotypy 


Although millimeter-scale tissue sections pre- 
sent no problem for LLSM, the entire mouse brain 
is far too large, given the short working dis- 
tances of commercially available high-resolution 
objectives. The brain of the fruitfly D. melanogaster, 
on the other hand, fits comfortably within the 
microscope, even in its 4x expanded form. 
Furthermore, a vast array of genetic tools have 
been developed for Drosophila, such as split- 
GAL4 drivers and MultiColor FlipOut (MCFO) 
(17), which enable precise labeling of user- 


Movie 5. Neuronal processes and myelina- 
tion patterns across the mouse primary 
visual cortex. Thy1l-YFP—expressing neurons 
across 1100 by 280 by 83 um, immunostained 
against myelin and Caspr, a marker of the nodes 
of Ranvier, with specific emphasis on the 
neuronal processes and longitudinal myelination 
profile of a selected layer V pyramidal neuron 
(Figs. 4 and 5 and figs. S18 and S19). 
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selected subsets of its ~100,000 neurons, such 
as the dorsal paired medial (DPM) neurons that 
innervate the mushroom bodies (MBs) (movie 
83). Fluorescence imaging of thousands of such 
subsets across thousands of transgenic flies and 
collation of the results then yields brain-wide 3D 
reconstructions of complete neural networks at 
single-cell resolution (8, 9). However, to trace fine 
neuronal processes and identify synaptic con- 
nections, nanoscale resolution is needed. For 
all these reasons, the Drosophila brain is well 
matched to the capabilities of ExLLSM. 

We thus chose to start with a relatively sim- 
ple case: three olfactory projection neurons (PNs) 
originating at the DC3 glomerulus of the an- 
tennal lobes that feed most prominent sensory 
inputs to the calyx (CA) of the MB and lateral 
horn (LH) (75, 76). Imaging a ~250- by 175- by 
125-um volume, we were able to trace the axonal 
branches of all three DC3 PNs across one hemi- 
sphere (Fig. 6A and Movie 7), although tracing 
of fine dendritic processes was still difficult 
at 4x expansion. We were also able to precisely 
assign boutons to each cell within the CA (cell 1, 
3 boutons; cell 2, 3 boutons; cell 3, 4 boutons) 
and the LH (cell 1, 19 boutons; cell 2, 32 boutons; 
cell 3, 23 boutons) and determine the shapes and 
sizes of the boutons in these regions (Fig. 6B). 

The neuronal circuits of the olfactory path- 
ways to the MB have been extensively described 
by using light microscopy and have been re- 


Movie 6. Segmentation of pyramidal 
neurons in layer V of the mouse primary 
visual cortex. Segmentation of two neurons, 
with specific emphasis on their branches 

and axonal myelination patterns (Fig. 4 and 5 
and figs. S18 and S19). 
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constructed completely in the LI instar larva 
and partially in the adult brain by using EM 
(5, 77). However, the variation among individ- 
ual animals has not been well studied at the 
level of detailed subcellular circuitry. The speed 
of ExLLSM now makes this possible. We studied 
the stereotypy of DC3 PNs by comparing their 
morphologies in the CA across five different 
animals (Fig. 6C). As expected, we consistently 
observed the restriction of boutons to the ends 
of the neurites in CA. However, we found that 
both the number and size of boutons differed 
among the three cells from the same hemi- 
sphere as well as between animals. For example, 
the total number of boutons in CA varied from 7 
to 12, and none of the bouton assignments to 
each cell was the same among all five brains 
studied (Fig. 6D). The bouton size also showed 
substantial variability among the brains (Fig. 
6E). These variations might arise from the dis- 
tinct developmental histories of the individual 
animals. It is not yet clear whether they also 
indicate differences in synaptic strength and 
connection with Kenyon cells or how they 
might affect processing of olfactory information 
for associative learning in the MB. ExLLSM will 
enable such questions to be answered, thanks 
to its high throughput and its precise descrip- 
tions of neuronal morphology. 

Given our success with this relatively simple 
example, we next applied ExLLSM to a much 
more challenging sample by imaging a ~340- by 
660- by 90-um volume covering nearly the entire 
brain of a TH-GALA: transgenic Drosophila spec- 
imen. The sample was immunostained in one 
color against the membranes of all dopamin- 
ergic neurons (DANs) and in a second color with 
nc82 antibodies against Bruchpilot (Brp), a 
major structural and functional component of 
presynaptic active zones (AZs) (78, 79). Among 
the ~110 DANs within the image volume, we 
focused our efforts on tracing the protocerebral 
posterior medial 3 (PPM3) cluster of DANs that 
project to the central complex, a key brain re- 
gion essential for navigation, visual memory, 
sleep, and aggression (80-82). With manual 
annotation, we identified and traced all eight 


Movie 7. Tracing of DC3 olfactory projection 
neurons (PNs) in an adult Drosophila brain. 
Volumetric view of three individually traced 
neurons projecting from the antenna lobe in a 
bundle, with magnified views of their boutons at 
the calyx and lateral horn (Fig. 6, A to E). 
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Fig. 7. Whole-brain analysis of presynaptic sites and DANs in 
Drosophila. (A) MIP view of the subset of nc82 puncta marking presynaptic 
sites that are associated with DANs (DAN-assoc nc82), color coded by the 
local puncta density, in an adult Drosophila brain (Movie 9). Scale bar, 
100 um. (Inset) (Right) MIP view of all nc82 puncta, using identical color 
coding of local density. Scale bar, 100 um. (B) Distribution of local 
densities of (green) DAN-associated nc82 puncta and (orange) nonDAN- 
associated nc82 puncta in (A) (fig. S28). (C) Distribution of distances 
from DAN-associated nc82 puncta (green) and nonDAN-associated nc82 
puncta (orange) to the nearest nc82 punctum of any kind, and nearest- 
neighbor distances from one DAN-associated nc82 to another (magenta) 
(fig. S29). (D) Volumetric density of DAN-associated nc82 puncta 
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(green bars) and nonDAN-associated nc82 puncta (red bars), and the 
percentage of nc82 puncta that are DAN-associated (green curve), within 
each of the 33 brain regions of the adult Drosophila brain (fig. S30). 

(E) MIP view of DANs and DAN-associated nc82 puncta, color coded by 
13 representative brain region (Movie 10). Scale bar, 100 um. (Insets) 
Magnified views of the (top, angled view) PB and (bottom) EB. Brain 
regions are ME, medulla; LOP, lobula plate; LO, lobula; OTU, optical 
tubercle; VLPR, ventrolateral protocerebrum; LH, lateral horn; CA, calyx; 
MB, mushroom body; ATL, antler; PB, protocerebral bridge; EB, ellipsoid 
body; FB, fan-shaped body; NO, noduli; LAL, lateral accessory lobe; 

and SP, superior protocerebrum. “L” and “R” indicate the left and right 
hemispheres of the brain, respectively. 
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individual cells within the cluster (Fig. 6F, 
figs. S20 and S21, Movie 8, table S5, and movie 
S4). Although tracing of fine processes inside 
the central complex was difficult, we were able 
to trace the main axonal branches and precisely 
determine the number of cell types and the 
number of cells belonging to each cell type. 
Within the PPM3 cluster, we found that two 
cells (PPM3-EB) mainly projected to the ellip- 
soid body (EB) (82); two cells (PPM3-FB3) pro- 
jected to layer 3 of the fan-shaped body (FB); 
two cells (PPM3-FB2-NO) projected to layer 2 
of the FB and noduli (NO); and two cells, which 
could be further categorized into two cell types 
(PPM3-FB3-NO-a and PPM3-FB3-NO-b), projected 
to layer 3 of the FB and NO (Fig. 6G, figs. S20 
and $21, table S5, and supplementary note 6f). 
Using stochastic labeling of individual neurons 
and split-GAL4 intersection, we were able to 
identify and confirm the individual cell types 
we assigned (figs. S20 and S21, table S5, and 
supplementary note 6f). 


Whole-brain analysis of presynaptic 
sites and DANs 


We next turned our attention to the nc82 chan- 
nel of this specimen because recent EM mea- 
surements of the nearest-neighbor distances 
between synapses in the a lobe of the MB (fig. 
$22) (83) suggest that quantitative counting of 
synapses across the Drosophila brain should 
be possible with ExLLSM at 4« expansion. How- 
ever, to have confidence in the results, we needed 
to show that nc82 puncta larger than 100 nm 
represented true AZs and not nonfunctional 
Brp monomers or nonspecific background. To 
do so, we imaged two additional nc82-stained 
brains: one coimmunostained against V5-tagged 
Brp and the other coimmunostained against 
the AZ protein Syd1 (supplementary note 6c) 
(84, 85). In both cases, the distribution of dis- 
tances from each nc82 punctum to its nearest 


Movie 8. Tracing and classification of PPM3 
dopaminergic neurons (DANSs) in an adult 
Drosophila brain. Section of brain near the 
central complex with eight neurons from the 
protocerebral posterior medial 3 (PPM3) cluster 
in the right hemisphere (colored) shown in 
relation to surrounding DANs (white), and 
tracing of the individual neurons to their paired 
innervations in different regions of the central 
complex (Fig. 6, F and G, and figs. S20 and S21). 
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costained neighbor was consistent with their 
mutual incorporation in a single AZ (fig. S23). 
In addition, we imaged another brain sample 
of the output neuron from the a1 compartment 
of the MB (MBON-a1) to validate the specificity 
of nc82 antibody. We measured a 70-fold-higher 
surface density of nc82 puncta at the axons and 
boutons of MBON-a1 than at its dendrites (fig. 
$24 and supplementary note 6d), which is con- 
sistent with the near-absence of dendritic pre- 
synaptic densities observed for the same neuron 
with EM (83). Furthermore, we counted ~44,000 
nc82 puncta in the a3 compartment (fig. S25), 
compared with ~34,000 presynaptic densities in 
the EM study (fig. S22 and supplementary note 
6e). The distribution of distances between the 
presynaptic densities was also similar in the two 
cases (figs. S22B and S25B). 

To see whether these differences were with- 
in typical specimen variability, we imaged three 
additional wild-type females and counted between 
~34,000 and ~49,000 n82 puncta in the a3 
compartments of four MBs (fig. S26). Con- 
versely, for the two animals in which we studied 
both «3 compartments (the original TH-GAL4 
specimen and the wild type), the number of 
nc82 puncta in the left and right compart- 
ments were within ~10% of one another. This 
suggests that the variability we observed be- 
tween animals, including the EM result, is in- 
deed natural and not due to errors from our 
counting methodology. 

Given confidence from these results, we then 
extended our analysis across nearly the entire 
brain (the medial lobes of the MB were not 
imaged because TH-GAL4 does not express 
in the DANSs in that region). In total, we counted 
~40 million nc82 puncta, ~530,000 of them 
localized at DANs (Fig. 7A and Movie 9), and 
calculated the brain-wide distribution of puncta 
density (Fig. 7B) and nearest-neighbor distances 
between any puncta or only DAN-associated 
ones (Fig. 7C). 

We observed substantial differences when we 
further subdivided our analysis into 33 major 
brain regions (fig. S28 to S30 and table S6). 
The volume density of all puncta, for example, 
varied from ~2 to 3 per cubic micrometer in 
the lateral accessory lobe (LAL) and superior 
protocerebrum (SP) to ~6 to 8 in the compart- 


Movie 9. Local density map of DAN-associated 
presynaptic sites across an adult Drosophila 
brain. Color-coded brain regions and 3D 
color-coded map of the local density of 
DAN-associated nc82 puncta in each domain 
(Fig. 7, A to D, and figs. S28 to S30). 
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ments of the MB (Fig. 7D), perhaps reflecting 
the distinct computational needs of different 
brain regions. The high density in the MB, for 
example, is likely beneficial for increasing ca- 
pacity and sensory specificity of memory in as- 
sociative learning. 

When focusing on only those nc82 puncta 
associated with DANs, we found additional dif- 
ferences. For example, the distance between non- 
DAN nc82 puncta and DAN-associated nc82 
puncta differed substantially between brain 
regions (fig. S29), indicating that the propor- 
tion of synapses that can be modulated by do- 
pamine may differ between brain regions. We 
also found that the percentage of puncta asso- 
ciated with DANs was approximately 10-fold 
higher in the MB than in the optic lobes (Fig. 7D), 
which is consistent with dopamine-dependent 
heterosynaptic plasticity being the basis of as- 
sociative learning in the MB (83, 86, 87). On 
the other hand, the FB and the EB, which are 
known for visual and place memory formation 
(88), exhibited surprisingly low DAN association, 
whereas the protocerebral bridge (PB) and the 
antler (ATL), which are not particularly known 
for heterosynaptic plasticity, showed high DAN 
association second only to the MB. Despite these 
differences, the variation in surface density of 
nc82 puncta on DANs in different brain regions 
was considerably less pronounced (fig. S30B) be- 
cause the percentage volume occupied by DAN 
in each domain (fig. S30D) followed similar trends 
to the percentage of DAN-associated puncta (Fig. 
7D). This could also be seen directly in volume 
renderings of the DANs and DAN-associated 
puncta in each brain region (Fig. 7E and Movie 
10), although local intradomain variations in 
the spatial distribution of nc82 were also seen. 


Discussion 


Thanks to its combination of high imaging 
speed, low photobleaching rate, and 3D nano- 
scale resolution, ExLLSM extends, by at least 
1000-fold in volume, the ability of SR fluores- 
cence microscopy to generate detailed images 
of subcellular ultrastructure. This fills a valua- 
ble niche between the high throughput of con- 
ventional optical pipelines of neural anatomy 


Movie 10. DANs and DAN-associated pre- 
synaptic sites in different brain regions of 
an adult Drosophila brain. Volume rendered 
DANs, DAN-associated nc82 puncta, and all 
nc82 puncta across the entire brain, color coded 
by brain region, followed by magnified 3D and 
orthoslice views of DANs and DAN-associated 
nc8&2 in each of nine different domains (Fig. 7E). 
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(8, 9) and the ultrahigh resolution of correspond- 
ing EM pipelines (5, 70, 83). With genetically 
targeted cell type-specific labeling (17, 89-91) 
and protein-specific immunostaining, ExLLSM 
enables sparse neural subsets and dense synap- 
tic connections to be recorded, visualized, and 
quantified at ~60- by 60- by 90-nm resolution 
with ~100 person-hours of effort over cortex- 
spanning volumes in the mouse or brain-wide 
volumes in Drosophila. This compares with 
5 weeks to image and ~16,000 person-hours 
to trace all neurons and count all synapses in a 
volume only 1/80th of a fly brain encompassing 
the a lobe of the MB in a recent EM study at 
8-nm isotropic resolution (83). The fluorescence 
contrast of ExLLSM also raises the possibility of 
correlating (92) fluorescence-based genetic in- 
dicators of neural activity (93, 94) with neural 
ultrastructure over much larger volumes and 
without the labeling compromises common to 
correlative EM/fluorescence studies (95). 

Although we have focused on the mouse cor- 
tex and the Drosophila brain in this work, we 
have also applied ExLLSM to image the mossy 
fiber innervation of granule cells in glomeruli 
in the cerebellum of the mouse (fig. $31 and 
movie S5) as well as a complete human kidney 
glomerulus section (fig. S32). However, the ap- 
plication of ExM to any biological system must 
be examined on a case-by-case basis through 
careful controls and comparisons with known 
aspects (such as with EM) of the specific ultra- 
structural elements under investigation. In par- 
ticular, extrapolating the faithful nanoscale 
expansion of delicate membranous structures 
and vesicles in a specimen from images of more 
robust components such as cytoskeletal ele- 
ments, clathrin-coated pits, or nuclear histones 
(18, 29, 96, 97) should be avoided. Elastic in- 
homogeneity of the specimen after digestion, 
such as from collagen-rich connective tissue or 
adhesion to a rigid substrate, can also interfere 
with expansion, although newer protocols with 
more aggressive digestion may help (98). In this 
regard, brain tissue may represent a best case 
for ExM studies, owing to its comparatively 
homogenous mechanical properties and ready 
digestion. It should always be remembered that 
any image of a once-living specimen is an im- 
perfect representation of that specimen, and the 
more steps that intrude in the process from one 
to the other the more imperfect it becomes. 
Overexpression, chemical fixation, permeabili- 
zation, and immunostaining already introduce 
numerous structural artifacts (99-101) in all 
forms of high-resolution fluorescence micros- 
copy, including ExM, but ExM also requires ad- 
ditional steps of polymer infusion, gelation, label 
attachment, digestion, expansion, and handling 
that can perturb ultrastructure even more. Care- 
ful controls are essential. 

At 4x expansion, the resolution of ExLLSM 
is close, but not quite sufficient, to trace fine, 
highly innervated neuronal processes—such as 
the PPMB cluster, which terminates in the central 
complex—and would therefore benefit from high- 
er expansion ratios. However, even if specimen- 


Gao et al., Science 363, eaau8302 (2019) 


wide isotropic expansion can be validated at 
higher ratios with newer protocols of iterated 
expansion (29), ExM is still heir to the prob- 
lems that bedevil other forms of high-resolution 
fluorescence microscopy. Chief among these 
is that because of the stochastic nature of label- 
ing, the mean separation between fluorophores 
must be ~5x to 10x smaller than the desired 
resolution in each dimension in order to dis- 
tinguish with high confidence two or more struc- 
tures for which no a priori knowledge exists 
(102). We met this requirement at the level of 
~60- by 60- by 90-nm resolution in most cases 
owing to the dense expression of cytosolic label 
in Thyl-YFP transgenic mice and DAN mem- 
brane label in a TH-GAI4 transgenic fly, as well 
as the exceptional specificity of Abs targeting 
MBP and nc82. Other Abs in our study did not 
meet this standard but were sufficient to iden- 
tify organelles responsible for voids of cytosolic 
label, mark Homer! at synapses and Caspr at 
nodes of Ranvier, and measure statistical dis- 
tributions of synapse breadth and pre- and post- 
synaptic separation. However, immunostaining 
in any form is probably not dense enough to 
achieve true 3D resolution much beyond that 
already obtainable at 4x expansion, and the 
long distance between epitope and fluorophore, 
particularly with secondary Abs, further limits 
resolution. Likewise, loss of FP fluorescence 
upon linking and digestion, as well as the slow 
continued loss of fluorescence, which we alle- 
viated here with a highly basic imaging buffer 
(supplementary note 2, c and d), probably pre- 
clude study at high resolution of many FP-linked 
proteins at the endogenous levels produced 
through genome editing. Indeed, even at 4x 
expansion, we rarely found sufficient residual 
fluorescence to image targets labeled with red 
FPs of the Anthozoa family, despite reports to 
the contrary (19). 

Despite these challenges and limitations, the 
high speed and nanometric 3D resolution of 
ExLLSM make it an attractive tool for compar- 
ative anatomical studies, particularly in the 
Drosophila brain. For example, although we 
imaged the entire TH-GAL4/nc82 brain in 
62.5 hours (3.2 x 10° um?/hour), with subsequent 
improvements in scanning geometry and field 
of view (FOV) we imaged mouse brain tissue in 
two colors at 4.0 x 10° um?/hour. If transfer- 
rable to the fly, this would allow whole-brain 
imaging in ~5.0 hours. This limit is not fun- 
damental; with simultaneous multicolor imaging 
and multiple cameras to cover even broader 
FOVs, rates up to ~10° ym?/hour may be achie- 
vable, or ~12 min/fly brain at 4x expansion. 
Assuming the future development of (i) robust, 
isotropic expansion at 10x or greater; (ii) longer 
working distance high NA water immersion 
objectives or lossless sectioning (703) of ex- 
panded samples; and (iii) a ubiquitous, dense, 
and cell-permeable fluorescent membrane stain 
analogous to heavy-metal stains in EM, even 
densely innervated circuits might be traced, 
particularly when imaged in conjunction with 
cell type-specific or stochastically expressed mul- 
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ticolor labels for error checking (104). With such 
a pipeline in place, 10 or more specimens might 
be imaged in a single day at 4x to 10x expansion, 
enabling statistically rich, brain-wide studies 
with protein-specific contrast and nanoscale 
resolution of neural development, sexual dimor- 
phism, degree of stereotypy, and structure/function 
or structure/behavior correlations, particularly 
under genetic or pharmacological perturbation. 


Materials and methods 
Preparation of ExM samples 


Mouse, D. melanogaster, and human samples 
were dissected, fixed, and immunostained fol- 
lowing the protocols in supplementary note 1. 
Sample genotypes and antibodies are summa- 
rized in table S2. Unless otherwise noted, all 
samples were processed by using a protein- 
retention ExM (proExM) protocol with minor 
modifications (19, 105) or an expansion pathol- 
ogy (ExPath) protocol (98). Prepared ExM sam- 
ples were stored in 1x phosphate-buffered saline 
at 4°C and expanded in doubly deionized water 
immediately before imaging with LLSM. 


Lattice light-sheet imaging 


With the exception of Fig. 1, all ExM samples 
were imaged in objective scan mode (20) by 
using a LLSM described previously (106), except 
with adaptive optics capability disabled. The 
ExM sample in the left column of Fig. 1 was 
imaged by using a LLSM optimized for ExM, 
featuring a broader 160-11m FOV, a 1.5-mm scan 
range, and software optimized for rapid sample 
scan acquisition (supplementary note 2a). All 
expanded samples were large compared with 
the LLS FOV and were therefore imaged in a 
series of overlapping 3D tiles that covered the 
desired sample volume (supplementary note 2b). 
For imaging sessions of several hours or more, 
focus was maintained through the periodic 
imaging of reference beads (supplementary 
note 2c). Raw data from each tile were deskewed 
(for sample scan mode), flat-fielded, deconvolved, 
and stored for subsequent processing. 


Computing pipeline for flat-field 
correction, stitching, and export of 3D 
image tiles 

Because automatic tools for 3D stitching (107-111) 
do not scale to datasets with thousands of 3D im- 
age tiles, we developed a scalable high-performance 
computing (HPC) pipeline to robustly flat-field 
correct, deconvolve, and assemble 3D image tiles 
into the final volume (supplementary note 3). 
First, we extended and parallelized CIDRE (107) 
for 3D volumes to calculate 3D flat fields (figs. 
S5 and S6). We then corrected the raw image 
tiles using these flat-fields and deconvolved each. 
Next, we parallelized the globally optimizing 3D 
stitching method (108) to automatically stitch the 
thousands of raw image tiles, without manual 
intervention, in an iteratively refined prediction 
model that corrects for systematic stage coordi- 
nate errors (fig. S7). Last, we exported the stitched 
datasets using the flat-field-corrected and decon- 
volved image tiles as multiresolution hierarchies 
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into a custom file format (N5) (27) that enabled 
parallel blockwise export and compression on a 
HPC cluster. Bindings for N5 format for the 
ImgLib2 library (172) are provided for the ImageJ 
distribution Fiji (773). For interactive visualiza- 
tion, we developed a BigDataViewer-based viewer 
plugin (114) including a crop and export tool 
to make arbitrary subvolumes available in legacy 
formats such as TIFF image series. 
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GENE THERAPY 


CRISPR-mediated activation of a 
promoter or enhancer rescues obesity 
caused by haploinsufficiency 


Navneet Matharu, Sawitree Rattanasopha, Serena Tamura, Lenka Maliskova, Yi Wang, 
Adelaide Bernard, Aaron Hardin, Walter L. Eckalbar, Christian Vaisse, Nadav Ahituv* 


INTRODUCTION: Loss-of-function mutations 
in one gene copy can lead to reduced amounts 
of protein and, consequently, human disease, a 
condition termed haploinsufficiency. It is cur- 
rently estimated that more than 660 genes 
cause human disease as a result of haploin- 
sufficiency. The delivery of extra copies of the 
gene by way of gene therapy is a promising ther- 
apeutic strategy to increase gene dosage in such 
conditions. Recombinant adeno-associated virus 
(rAAV) provides a promising tool for delivery of 
transgenes in an efficient and safe way for gene 
therapy. However, it has some limitations, in- 
cluding an optimal DNA packaging constraint 
of 4700 base pairs and ectopic expression. 


RATIONALE: Increasing the expression levels 
of the normal gene copy by directly targeting 
the endogenous gene regulatory elements that 


control it could potentially correct haploinsuffi- 
ciency. CRISPR-mediated activation (CRISPRa), 
whereby a nuclease-deficient Cas9 (dCas9) is 
used to target a transcriptional activator to 
the gene’s regulatory element (promoter or 
enhancer), could be used for this purpose. 
Such an approach could overcome the ectopic 
expression and DNA packaging limitations of 
rAAV. Using obesity as a model, we tested in 
mice whether CRISPR-mediated activation of 
the existing normal copy of two different genes, 
SimI or Mc4r, where loss-of-function muta- 
tions that lead to haploinsufficiency are a 
major cause of human obesity, can rescue their 
obesity phenotype. 


RESULTS: We first generated a transgenic 
CRISPRa system using dCas9 fused to a tran- 
scriptional activator, VP64, to test whether it 
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CRISPRa rescue of haploinsufficiency 


CRISPRa up-regulation of the existing normal gene copy rescues obesity caused 

by haploinsufficiency. Loss-of-function mutations in one allele lead to reduced amounts 
of mRNA and protein and can cause human disease, a condition termed haploinsufficiency. 

By up-regulating the existing normal allele using CRISPR-mediated activation (CRISPRa), 
whereby a nuclease-deficient Cas9 is fused to a transcriptional activator and targeted to a gene's 
regulatory element (promoter or enhancer), the haploinsufficient phenotype could be rescued. 
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can rescue the obesity phenotype in a SimI 
haploinsufficient mouse model. CRISPRa target- 
ing of the Sim promoter or its hypothalamus- 
specific enhancer, which is 270 kilobases away 
from the gene, in Sim haploinsufficient mice 
increased the expression of the normal copy of 
Sim1. This up-regulation was sufficient to rescue 
the obesity phenotype of SimI heterozygous 
mice and led to significantly reduced food intake 
and body fat content in these mice. We assessed 
the off-targeting effects of CRISPRa using both 
RNA sequencing (RNA-seq) and Cas9 chroma- 
tin immunoprecipitation sequencing (ChIP- 
seq) analyses. We found CRISPRa targeting 
to be highly specific and without any overt 
changes in the expression of other genes. We 
also observed that Sim up-regulation occurred 
only in tissues where the regulatory element (pro- 
moter or enhancer) that was being targeted was 
active. Although promoter-CRISPRa-targeted 

mice up-regulated Sim in 
all the tissues where it is 
Read the full article expressed, the enhancer- 
at http://dx.doi. CRISPRa-targeted mice 


org/10.1126/ showed Sim up-regulation 
science.aau0629 only in the hypothalamus. 
Ete UL hens orca We then delivered CRISPRa 


packaged into rAAV targeting the Sim pro- 
moter or its hypothalamus-specific enhancer 
using either Streptococcus pyogenes or the 
shorter Staphylococcus aureus CRISPRa sys- 
tem. We show that postnatal injection of 
CRISPRa-rAAV into the hypothalamus can 
up-regulate Simi expression and rescue the 
obesity phenotype in Sim haploinsufficient 
mice in a long-lasting manner. To further 
highlight the therapeutic potential of this 
approach to rescue other haploinsufficient 
genes, we targeted Mc47, where haploinsuf- 
ficiency leads to severe obesity in mice and 
humans. CRISPRa-rAAV targeting of the Mc4r 
promoter rescued the obesity phenotype of 
Mc4r heterozygous mice. 


CONCLUSION: These findings show that the 
CRISPRa system can rescue a haploinsufficient 
phenotype in vivo. This CRISPR-mediated ac- 
tivation strategy is different from a conven- 
tional gene therapy strategy, as it uses the 
endogenous regulatory elements to up-regulate 
the existing functional gene copy. As such, it 
can overcome the problem of ectopic gene 
expression. In addition, it could be used for 
genes that are not amenable to conventional 
gene therapy because their coding sequences 
are longer than the rAAV packaging limit. 
Our results provide a framework to further 
develop CRISPRa as a potential tool to treat 
gene dosage-sensitive diseases. 


The list of author affiliations is available in the full article online. 
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A wide range of human diseases result from haploinsufficiency, where the function of one of the 
two gene copies is lost. Here, we targeted the remaining functional copy of a haploinsufficient 
gene using CRISPR-mediated activation (CRISPRa) in Sim1 and Mc4r heterozygous mouse 
models to rescue their obesity phenotype. Transgenic-based CRISPRa targeting of the Sim1 
promoter or its distant hypothalamic enhancer up-regulated its expression from the endogenous 
functional allele in a tissue-specific manner, rescuing the obesity phenotype in Sim1 heterozygous 
mice. To evaluate the therapeutic potential of CRISPRa, we injected CRISPRa-recombinant 
adeno-associated virus into the hypothalamus, which led to reversal of the obesity phenotype 

in Sim1 and Mc4r haploinsufficient mice. Our results suggest that endogenous gene up-regulation 
could be a potential strategy to treat altered gene dosage diseases. 


ore than 660 genes are currently esti- 

mated to cause human disease due to 

haploinsufficiency (table S1) (/, 2), lead- 

ing to a wide range of phenotypes that 

include cancer, neurological diseases, de- 
velopmental disorders, immunological diseases, 
metabolic disorders, infertility, kidney disease, 
limb malformations, and many others (J, 2). 
Large-scale exome sequencing analyses estimate 
that there could be over 3000 human genes that 
are haploinsufficient (3). Gene therapy in which 
a functional recombinant copy or copies replace 
the mutant gene holds great promise in address- 
ing diseases caused by haploinsufficiency. Numer- 
ous clinical trials are being carried out for gene 
therapy, most of which use recombinant adeno- 
associated virus (rAAV) to deliver the transgene 
(4). rAAV is a preferred gene delivery method 
because of its ability to provide long-lasting gene 
expression of the transgene, delivering DNA 
without integrating into the genome, and with 
limited pathogenicity (5). However, current rAAV 
approaches tend to use promoters to drive 
transgenes that can lead to nondesirable ectopic 
expression (6, 7). Another crucial limitation is 
that AAV has an optimal 4.7-kilobase (kb) pack- 
aging capacity (8), limiting its gene therapy use 
for genes longer than 3.5 kb (taking into account 
additional regulatory sequences needed for its 
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stable expression). Analysis of the 660 haploin- 
sufficiency disease-causing genes and 3230 pre- 
dicted heterozygous loss-of-function (LoF) genes 
reveals that 135 (20%) and 730 (23%) of them, 
respectively, have coding sequences longer than 
3.5 kb (fig. S1), rendering them unsuitable for 
rAAV gene therapy. 

CRISPR gene editing can potentially fix hap- 
loinsufficient mutations; however, this would 
require that the editing strategy be custom- 
tailored for each mutation. Moreover, it may not 
be feasible to correct heterozygous LoF micro- 
deletions. To address these challenges, we de- 
vised a strategy that could potentially treat 
haploinsufficiency by using CRISPR activation 
(CRISPRa). CRISPRa takes advantage of the 
RNA-guided targeting ability of CRISPR to direct 
a nuclease-deficient Cas9 (dCas9) fused with a 
transcriptional activator to regulatory element(s) 
of a specific gene, thus increasing its expression 
(9-15). Here, we tested whether this system can 
be used to rescue a haploinsufficient phenotype 
by increasing the transcription of the normal 
endogenous gene. As a proof-of-concept model, 
we chose a quantitative trait, obesity caused by 
haploinsufficiency of either the single-minded 
family basic helix-loop-helix (bHLH) transcrip- 
tion factor 1 (Sim/) or the melanocortin 4 re- 
ceptor (Mc4r) gene. 

SIM1 is a transcription factor that is expressed 
in the developing kidney and central nervous 
system and is essential for the formation of the 
supraoptic nuclei (SON) and paraventricular 
nuclei (PVN) of the hypothalamus (6). SIM7 also 
plays a role in the maintenance of long-term 
energy homeostasis by acting downstream of the 
leptin-melanocortin pathway (17). In humans, 


18 January 2019 


haploinsufficiency of SZM7 due to chromosomal 
aberrations results in hyperphagic obesity (18), 
and SIM1 coding mutations, many of which are 
LoF mutations, are thought to be a major cause 
of severe obesity in humans (19-27). SimI homo- 
zygous null mice die perinatally, whereas Sim1 
heterozygous mice (SimI*”-) survive, are hyper- 
phagic, and develop early-onset obesity with in- 
creased linear growth, hyperinsulinemia, and 
hyperleptinemia (22). A postnatal conditional 
knockout of hypothalamic Sim leads to a similar 
phenotype in heterozygous mice (23), delineat- 
ing an additional role for SimI as an important 
regulator of energy homeostasis in adults. Over- 
expression of SIM1, by using a human bacterial 
artificial chromosome in mice, rescues diet- 
induced obesity and reduced food intake (24), 
suggesting a potential role for SZ in prevent- 
ing development of an obesity phenotype. 

MC4R is a heterotrimeric guanine nucleotide- 
binding protein (G protein)-coupled receptor 
that is essential for the long-term regulation 
of energy homeostasis and other physiological 
processes. MC4R expression in the PVN of the 
hypothalamus is both necessary and sufficient 
for most of its effects on the regulation of body 
weight (25). Heterozygous mutations in MC4R 
are the most common cause of monogenic severe 
obesity, estimated at 2.6 to 5% of cases of early- 
onset and/or adult class 3 obesity (body mass 
index >40 kg/m?) (26-28). Mice haploinsufficient 
for Mc4r become obese with hyperphagia, hyper- 
insulinemia, and hyperglycemia (29). 

We initially tested the ability of a transgenic 
CRISPRa system to rescue the obesity pheno- 
type in Simi*”” mice. CRISPRa using a single 
guide RNA (sgRNA) targeted to either the Sim1 
promoter or its ~270-kb distant enhancer up- 
regulated Simi expression and rescued SimI- 
mediated obesity in haploinsufficient animals. 
This transgenic approach also showed that SimI 
up-regulation occurred only in tissues where the 
promoter or enhancer is active, suggesting that 
the targeted cis-regulatory elements can determine 
CRISPRa tissue specificity. We also used these 
transgenic mice to assess the targeting specificity 
of CRISPRa by using RNA sequencing (RNA-seq) 
and chromatin immunoprecipitation sequencing 
(ChIP-seq), which we found to be highly specific 
and without any apparent off-target effects. To 
further show that CRISPRa could be used as a 
potential strategy to treat haploinsufficient pheno- 
types, we used rAAV-mediated delivery of CRISPRa 
to the hypothalamus, preventing excessive weight 
gain in postnatal SimI*”" mice. To demonstrate 
that this strategy could be used for other haplo- 
insufficient genes, we also targeted the Mc4r 
promoter by means of a similar CRISPRa-rAAV 
approach and reduced weight gain in Mc4r*/- 
mice. Our results present a potential strategy for 
treating haploinsufficiency and additional gene 
dosage-related functional abnormalities. 


Results 
Up-regulation of Sim1 in vitro by CRISPRa 


To increase expression of the wild-type Sim 
gene, we optimized CRISPRa conditions in vitro. 
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SimI has a well-characterized promoter (30) 
and distant and robust hypothalamic enhancer 
(~270 kb from the transcription start site) de- 
noted Simi candidate enhancer 2 [SCE2 (31)] 
(Fig. 1A). To target SimI using CRISPRa, we 
designed two sgRNAs for either the Sim pro- 
moter or SCE2. Using these guides, we tested 
whether Streptococcus pyogenes dCas9 fused to 
VP64 (spdCas9-VP64), a transcriptional activator 
that carries four tandem copies of VP16 (a herpes 
simplex virus type 1 transcription factor) (32), 
can up-regulate Simi in mouse neuroblastoma 
cells (Neuro-2a). The VP64 activator domain was 
chosen primarily because of its small size (so that 
it could later fit in our rAAV plasmid). It is also 
known to have a moderate activation potential 
compared to other known activators for a wide 
variety of genes (33), which could be advanta- 
geous in obtaining physiologically relevant Sim1 
dosage levels in vivo. Cells were transfected with 
spdCas9-VP64 and the various guide RNAs. After 
48 hours, Simi mRNA levels were measured by 
quantitative polymerase chain reaction (qPCR). 
We identified one sgRNA for either promoter or 
SCE2 that could up-regulate endogenous SimI 
by 13- and 4-fold respectively (Fig. 1B and fig. S2, 
A and B). We also carried out ChIP-seq using 
an antibody against S. pyogenes Cas9 in both 
CRISPRa-promoter- and CRISPRa-enhancer- 
transfected cells and found on-target binding 
for the promoter and enhancer, respectively (fig. 
$2, Cand D). We did not observe any peaks that 
overlapped with predicted sgRNA off-targets 
(table S2). 


Up-regulation of Sim1 in vivo by 
transgenic CRISPRa rescues obesity 


To test the ability of the CRISPRa system to 
rescue obesity in Sim1”~ mice, we generated 
knockin mouse lines using TARGATT technology 
(34). Using this technology, we inserted spdCas9- 
VP64 into the mouse Hipp] locus [a region that is 
known to allow robust transgene expression (35)] 
having three copies of attP (H1IP3CA 0009 P64) 
and either sgRNA, targeting the SmI promoter 
( ‘R2 GPgoimiPr-ssRNA) or SCE2 ( ‘R2 PBS PEN SERNA) 
in the Rosa26 locus that has three attP sites (Fig. 1C 
and fig. $3). We then crossed these mice to SimI*/- 
mice that develop severe obesity (22). Mice having 
all three alleles (SimI*”~ x H11P3©4AG¢- 4009 -VP64 
and R26PZUMPERNA oF ROGPZSCEPENSERNA) Were 
weighed weekly until 16 weeks of age along with 
wild-type littermates and SimI*”~ and SimI‘”~ x 
HIIP3 AG Aas9-VP64 mice, both of which become 
severely obese (negative controls). Analysis of 
at least 10 females and 10 males per condition 
showed that SimI*”~ mice carrying both spdCas9- 
VP64 and either Sim promoter or enhancer 
sgRNA had a significant reduction in body weight 
compared to SimI*”~ x H11P3 AC 449 V4 and 
Simi‘/~ (Fig. 1, D and E, and fig. S4). SimI*/* 
mice carrying spdCas9-VP64 and either Sim1 
promoter or enhancer sgRNA also showed a 
reduction in body weight compared to wild-type 
mice (fig. S4). We also analyzed body fat content 
and food intake for all genotypes: SimI*/~ x 
HIUIP3 8 @ dCas9-VP64 x RI6PBSimiPr-sERNA (Prm 
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CRISPRa), SimI*/~ x H11P3°4G-4as9-VP64 
RI6PHHE"ENA (Enh-CRISPRa), SimI”-, and 
wild-type mice. Both Prm-CRISPRa and Enh- 
CRISPRa mice showed significantly reduced 
body fat content and food intake compared 
to SimI*”- in both females and males (fig. S5). 
Of note, we observed slight differences in body 
weight trajectories between female and male 
mice (i.e., when compared to wild-type mice, 
Sim1*/- females gained weight more rapidly 
than males), similar to what was observed in 
previous SimJ knockout studies (22, 23). Taken 
together, these results show that both Prm- 
CRISPRa and Enh-CRISPRa mice have reduced 
body weight due to lower food intake, which 
likely leads to their reduced body fat levels. 


CRISPRa up-regulation of Sim1 is 
tissue specific 


To test for SimI activation levels and tissue spec- 
ificity in Prm-CRISPRa and Enh-CRISPRa mice, 
we measured its mRNA expression levels in dif- 
ferent tissues. We selected two tissues where 
Sim1 is expressed, hypothalamus and kidney, 
and two tissues where it is not expressed, lung 
and liver, based on previous studies (36, 37) and 
our analysis of Simi expression in different tis- 
sues (fig. S6). We first measured spdCas9 ex- 
pression and found it to be expressed in all four 
tissues, as expected, because we used a ubiqui- 
tous cytomegalovirus (CMV) enhancer chicken 
B-actin (CAG) promoter to drive its expression 
(Fig. 2A). By contrast, for SimI, we observed sig- 
nificantly higher mRNA levels in both the hypo- 
thalamus and kidney in Prm-CRISPRa mice but 
only in the hypothalamus of Enh-CRISPRa mice 
compared to Simi” mice (Fig. 2B). In Simr*”~ 
mice, we observed half the levels of mRNA ex- 
pression when compared to wild-type mice, both 
in the hypothalamus and kidney. 

Because we did not observe any significant 
differences between the obesity phenotype of 
Prm-CRISPRa and Enh-CRISPRa mice, we spec- 
ulate that the activation of Sim in the hypo- 
thalamus is sufficient to rescue the Simi” obesity 
phenotype. In tissues where Sim is not expressed 
(i.e., liver and lung), we could not detect Simi 
expression in Prm-CRISPRa or Enh-CRISPRa 
mice despite spdCas9 being expressed. These 
results imply that despite ubiquitous expression, 
spdCas9-VP64 could only up-regulate SimJ in 
tissues where its target cis-regulatory elements 
are active. This suggests that cis-regulatory el- 
ements could be used to define the tissue spec- 
ificity of CRISPRa. 


Sim1 CRISPRa targeting is 

highly specific 

To check for CRISPRa off-target effects, we 
undertook two genomic-level approaches: We 
analyzed the hypothalamic transcriptome (RNA- 
seq) of wild-type, SimI*’~, Prm-CRISPRa, and 
Enh-CRISPRa mice. Three males and three fe- 
males were used for each genotype (total of 24 
samples; 6 biological replicates per condition). 
We also carried out ChIP-seq using an antibody 
against S. pyogenes Cas9 in the hypothalamus of 
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Prm-CRISPRa, Enh-CRISPRa, and spdCas9-VP64 
(negative control) mice. A pool of four mice 
was used for each genotype, and two biological 
replicates. 

In the RNA-seq analyses, we identified 24 dif- 
ferentially expressed genes [at a false discovery 
rate (FDR) of 0.1] between SimI*”~ and wild-type 
mice, of which 17 were up-regulated and 7 were 
down-regulated. For all of the 17 up-regulated 
and 6 of the 7 down-regulated genes, we observed 
fold changes that were similar to that of wild- 
type versus SimI*”~ for Prm-CRISPRa or Enh- 
CRISPRa when compared to Sim1*”~ (Fig. 2, 
C and D, and table S3). We also observed that 
genes that were significantly up-regulated or 
down-regulated in Prm-CRISPRa versus Sim‘ 
were also up-regulated or down-regulated in Enh- 
CRISPRa and vice versa, highlighting that the 
overall gene expression profile in Prm-CRISPRa 
and Enh-CRISPRa was similar (Fig. 2, C and D, 
and table S3). None of the Sim neighboring 
genes within a 500-kb window were differential- 
ly expressed in Prm-CRISPRa or Enh-CRISPRa 
in the RNA-seq analysis. Using qPCR, we also 
analyzed the mRNA expression levels of Sim1 
neighboring genes, activating signal cointegra- 
tor 1 complex subunit 3 (Ascc3) and G protein- 
coupled receptor class C group 6 member A 
(Gprc6a). We did not observe any differences in 
expression levels for these genes in Prm-CRISPRa 
and Enh-CRISPRa compared to wild-type mice 
(fig. S7, A and B). These results suggest that 
Sim1-CRISPRa changes the transcription profile 
of Sim1*/~ mice to one that is more similar to 
that of the wild type. 

Next, we carried out ChIP-seq analysis to iden- 
tify off-target spdCas9-VP64 binding. We found 
the most significant on-target enrichment at the 
Sim1 promoter in Prm-CRISPRa and SCE2 in 
Enh-CRISPRa mice (fig. S8, A and B, and table 
$2). In addition, we found 91 and 136 signifi- 
cant peaks (FDR adjusted p value < 107) in Prm- 
CRISPRa and Enh-CRISPRa, respectively (table $2). 
We then looked for predicted sequence-specific 
genomic off-targets due to Prm-sgRNA or Enh- 
sgRNA mismatches, allowing for zero to three 
nucleotide mismatches, using Cas-OFFfinder (38). 
For the promoter-targeting sgRNA, we found the 
one expected on-target site, and one off-target site 
with three nucleotide mismatches (fig. S8C and 
table S2). For the enhancer-targeting sgRNA, we 
found the one expected on-target site and eight 
off-target sites with three nucleotide mismatches 
(fig. S8D and table S2). None of the Prm-CRISPRa 
or Enh-CRISPRa ChIP-seq peaks overlapped a 
corresponding predicted off-target site (table S2). 

We next analyzed the RNA-seq datasets for 
the expression of the neighboring genes (+500 kb 
upstream and downstream) near the ChIP-seq 
peaks and sgRNA off-target sites, including the 
Sim1 target-specific peaks (fig. S8, C and D, and 
table S3). Of the genes within 500 kb of the off- 
target ChIP-seq peaks or predicted off-target sites, 
none showed differential gene expression (Fig. 2, 
E and F, and fig. S8, E and F). In addition, ChIP 
for dCas9 followed by qPCR for Ascc3, Gprc6a, 
and the Sim1 promoter or SCE2 showed binding 
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Fig. 1. CRISPRa Sim1 up-regulation in vitro and obesity rescue in vivo. 
(A) Schema of the mouse Sim1 genomic locus, showing the LacZ-driven 
hypothalamic expression of SCE2 (En) from 56-day-old mice. (B) CRISPRa 
in Neuro-2a cells targeting the Sim1 promoter (Prm-CRISPRa) or enhancer 
(Enh-CRISPRa). Results are expressed as mRNA fold increase normalized 
to Actb using the AACT method. The data are represented as means + 
the lower and upper quartile, and lines represent the minimum and 
maximum from three independent experiments and three technical 
replicates. *p < 0.001; ***p < 0.0005 (ANOVA, Tukey test). (©) Schema 
showing the mating scheme used to generate Sim1*”” CRISPRa mice. 

A CAG-dCas9-VP64 cassette was knocked into the Hipp11 (H11P3) locus, 
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and an sgRNA targeting either the Siml promoter (U6-Prm-sgRNA) or 
SCE2 (U6-Enh-sgRNA) was knocked into the Rosa26 locus. (D) Weekly 
weight measurements of wild-type, Sim1*”~, H1IP3CA%-46a59-VP64 x 
R26P39M1Pr-seRNA (Prm-CRISPRa), and HIIP3C*G4as9-VPE4 x 
R26P3SCEZEN-seRNA (Enh-CRISPRa). At least 10 male and female mice 
were measured per genotype. Mean values + SD are shown. p-value 
statistics are listed in table S5. (E and F) Photos of 26-week-old male 
mice for each genotype: Sim1*”~, HIIP3CAG- 40289 VPE4 x RAGPBSIMIPr-sBRNA 
(Prm), and wild type (WT) (E) and Sim1*”~, HIIP3°A@-4289- VPE4 x 
R26P3SC&ZEr-seRNA (Enh), and wild type (WT) (F). Genotype, weight, and 
length of each mouse are depicted below. 


3 of 11 


610z ‘Og Avenue uo /Bio'Bewsouelos souel0s//:dijy Woy papeojuMOGg 


RESEARCH | RESEARCH ARTICLE 


a4 
3 
ts) 
:° Li 
e.. 3 
5 
£2 
= Ff 
S 
54 
chr. 14 (H11P) 3 
8 
See ac] (Cas9-VP64 8 
0: 
Hypoth Kidney Lung Liver 
i Enh-CRISPRa vs Sim1** 
(log2 fold change) 
1.0 
05 
0.0 
sie | ae 
-1.0 
= 2 
£ Prm-CRISPRa vs Sim1** 
2 (FDR p-value) 
2 @ 0.25 
a @ 0.50 
D 
2 @ 0.75 
= @ 1.00 
=a 
a 
a 
g 
3 
i 
o 
2 
m 
s) 
e. 22 
a 
-4 
74 “2 ty 2 7 
Sim1* vs wild-type (log2 fold change) 


Enh-CRISPRa vs Sim1** 
(log2 fold change) 


Prm-CRISPRa ChiP-seq 
° (raw p-value) 
@ 0.25 
@ 0.50 
@ 0.75 
@ 1.00 


Prm-CRISPRa vs Sim1* (log2 fold change) 


7 ty 7 
Sim1* vs wild-type (log2 fold change) 


Fig. 2. dCas9 and Sim1 mRNA expression levels in CRISPRa trans- 
genic mice. (A) dCas9 mRNA expression in the hypothalamus, kidney, 
lung, and liver from four Sim1*”~ x H11P3°44-46259-VP64 mice. The data are 
represented as means + the lower and upper quartile, and lines represent 
the minimum and maximum from at least four mice with three technical 
replicates. (B) Sim1 mRNA expression in the hypothalamus, kidney, lung, and 
liver for the following genotypes: wild type, Sim1*”~, HIIP3°A2 46289 VP64 
R26P3SimIPrsgRNA (Prm-CRISPRa), and HI11P3C4G-dCas9- VP64 x R26P35CEZEn-seRNA 
(Enh-CRISPRa). The data are represented as means + the lower and 
upper quartile, and lines represent the minimum and maximum from four 
mice (two females and two males) and three technical replicates. All 
experiments were determined based on mRNA fold increase compared 

to wild type and normalized to Actb or Rp/38 using the AACT method or ACT 
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for (A). BDL, below detectable levels. (C and D) A Michaelis-Menten plot 
showing differentially expressed genes in the hypothalamus between Sim1*”— 
and wild-type mice on the x axis and Prm-CRISPRa (C) or Enh-CRISPRa 
(D) versus Sim1*”~ mice on the y axis. The larger circles are genes that 

are differentially expressed with a raw p value <0.05, and the outlined circles 
have a FDR <0.1. (E and F) A Michaelis-Menten plot showing differentially 
expressed genes in the hypothalamus that are nearby ChIP-seq peaks 

and predicted off-target sgRNAs between Sim1*” and wild-type mice on 
the x axis and Prm-CRISPRa (E) or Enh-CRISPRa (F) versus Sim1*”~ mice 
onthe y axis. The outlined circles are genes that show differential expression 
with a raw p value <0.05, and the larger circles are genes that overlap 
nearby off-target sites (both Sim1 promoter and SCE2 were predicted targets 
even up to three mismatches). 
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only in the Sim promoter for Prm-CRISPRa and 
SCE2 in Enh-CRISPRa mice (fig. $7, C and D), 
similar to what we observed in the ChIP-seq 
data. Our results show that SimJ Prm-CRISPRa 
and Enh-CRISPRa are highly specific, without any 
apparent off-target effects. 


Delivery of Sim1 CRISPRa rAAV to 

the PVN rescues the weight gain 
phenotype in Sim1*”~ mice 

To further investigate the translational potential 
of this approach to rescue haploinsufficiency in 
adult mice, we took advantage of rAAV to deliver 
CRISPRa into the hypothalamus of SimI*”~ mice. 
We generated the following three rAAV vectors: 
(i) S. pyogenes dCas9-VP64 driven by a CMV pro- 
moter (pCMV-spdCas9-VP64); (ii) Sim promoter 
sgRNA along with mCherry (pU6-Sim1Pr-CMV- 
mCherry); and (iii) SCE2 sgRNA along with 
mCherry (pU6-SCE2-CMV-mCherry) (Fig. 3A). 
These vectors were packaged individually into 
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ara: 


AAV-DJ serotype (39). We first tested if the rAAV 
CRISPRa vectors could up-regulate Sim in vitro 
using Neuro-2a cells. We observed a four- and 
fivefold increase in Sim mRNA expression when 
targeting the promoter or enhancer, respectively 
(Fig. 3B and fig. S9). 

Next, we performed stereotactic injections to 
deliver virus carrying pCMV-spdCas9-VP64 and 
either pU6-SimIPr-CMV-mCherry (Prm-CRISPRa- 
AAV) or pU6-SCE2-CMV-mCherry (Enh-CRISPRa- 
AAV) into the PVN of the hypothalamus of 
Simr‘/- mice at 4 weeks of age, before the mice 
start becoming obese. As an injection-based neg- 
ative control, we also injected Sim*’- mice with 
pCMV-spdCas9-VP64 virus only. We first optimized 
the stereotaxic injection conditions and coordinates 
(see Methods) and tested for the expression of 
mCherry from the pU6-SimiPr-CMV-mCherry 
cassette in the PVN by performing immunostain- 
ing on the hypothalami of injected mice (Fig. 3C 
and fig. S10). Next, we carried out stereotaxic 
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injections into the PVN of Simi” mice at 4 weeks 
of age using S. pyogenes CRISPRa-AAV. To test 
whether Sim expression levels were increased 
by delivering CRISPRa-AAV to the hypothalamus 
of Simi*/- mice, we measured mRNA expression 
levels for both dCas9 and Sim1 from 11-week-old 
AAV-injected mice. dCas9 was expressed in the 
hypothalami of all the pCMV-spdCas9-VP64 AAV- 
injected mice (Fig. 3D). Sim up-regulation was 
observed in both Prm-CRISPRa-AAV- and Enh- 
CRISPRa-AAV-injected hypothalami, but not in 
mice injected with only pCMV-spdCas9-VP64- 
AAV (Fig. 3E). To observe the extent of Sim up- 
regulation that could be achieved, we injected 
Prm-CRISPRa-AAV into the hypothalami of wild- 
type mice using two different titers. We observed 
up to 1.8-fold up-regulation with the higher viral 
titer (fig. S11). 

Because the length of S. pyogenes dCas9-VP64 
exceeds the optimal packaging load for AAV (i.e., 
4.7 kb), we generated a Staphylococcus aureus 
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Fig. 3. CRISPRa Sim1 overexpression in vitro and in vivo by using AAV. 
(A) Schema showing the various S. pyogenes and S. aureus AAVs used 
for Sim1 CRISPRa. (B) S. pyogenes (left) and S. aureus (right) AAV CRISPRa 
in Neuro-2a cells using virons containing pbCMV-dCas9-VP64 (dCas9-VP64), 
pCMV-dCas9-VP64 along with pSim1Pr-mCherry (Prm-CRISPRa), and 
pCMV-dCas9-VP64 along with pSCE2En-mCherry (Enh-CRISPRa). 
Results are expressed as mRNA fold increase normalized to Actb using 


the AACT method. The data are represented as means + the lower and 
upper quartile, and lines represent the minimum and maximum from four independent experiments with three technical replicates. ***p < 0.0005; 
**o < 0.001 (ANOVA, Tukey test). (C) Schema showing location of the single midline stereotactic injection in the PVN (red circle) followed by 
immunohistochemistry results from pSim1Pr-mCherry—injected hypothalami of 12-week-old mice showing DAPI (4° ,6-diamidino-2-phenylindole) 
staining, mCherry expression, and merged staining of both. (D and E) dCas9 (D) and Sim1 (E) mRNA expression from noninjected wild-type 

and Sim1*”~ mice along with pCMV-spdCas9-VP64 (dCas9-VP64)-, pCMV-spdCas9-VP64 + pSim1Pr-mCherry (Prm-CRISPRa)-, and pCMV- 
spdCas9-VP64 + pSCE2En-mCherry (Enh-CRISPRa)-injected Sim1+/— mice for S. pyogenes. (F and G) dCas9 (F) and Sim1 (G) mRNA expression 
from noninjected wild-type and Sim1*”~ mice along with pCMV-sadCas9-VP64 (dCas9-VP64)-, pCMV-sadCas9-VP64 + pSim1Pr-mCherry 
(Prm-CRISPRa)-, and pCMV-sadCas9-VP64 + pSCE2En-mCherry (Enh-CRISPRa)-—injected Sim1+/— mice for S. aureus. Four mice were used for 
each genotype. The data are represented as means + the lower and upper quartile, and lines represent the minimum and maximum. Values from 
four independent experiments with three technical replicates were determined based on mRNA fold increase compared to wild-type mice and 
normalized to Actb using the AACT method for Sim1 expression and relative Actb ACT log2 for dCas9 expression. 
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dCas9-fused VP64 vector, which has an AAV 
packaging load of 4.3 kb (Fig. 3A; pCMV-sadCas9- 
VP64). As S. aureus uses a different protospacer 
adjacent motif site, we designed and cloned 
sgRNAs for pU6-Sim1Pr-CMV-mCherry and 
pU6-SCE2-CMV-mCherry. We identified several 
sgRNAs that can increase Simi expression by 
targeting its promoter or SCE2 in Neuro-2a cells 
through transient transfection (fig. S12, A and B). 
We also carried out ChIP-seq using an antibody 
against S. aureus Cas9 in both Prm-CRISPRa- and 
Enh-CRISPRa-transfected cells and found on- 
target binding for the promoter and enhancer, 
respectively (fig. S12, C and D). We did not observe 
any peaks that overlapped with predicted sgRNA 
off-targets (table S2). We then generated an AAV- 
DJ serotype of the S. awreus CRISPRa vectors, 
obtaining higher titers for dCas9-VP64 virons 
than S. pyogenes CRISPRa-AAVs (see Methods). 
We infected Neuro-2a cells with the viruses and 
selected a single sgRNA for the promoter or SCE2 
that significantly increased SimJ expression (Fig. 
3B and fig. S12E). Next, we carried out stereo- 
tactic injections into the PVN of Simi*/~ mice at 
4 weeks of age using S. awreus CRISPRa-AAV. 
To test whether Sim expression levels were 
increased by delivering S. awrews CRISPRa-AAV 
to the hypothalamus of Sim1*/~ mice, we mea- 
sured mRNA expression levels from hypothalami 
of 11-week-old AAV-injected mice. Compared to 
S. pyogenes dCas9 expression levels (Fig. 3D), we 
found higher expression levels of S. aureus dCas9 
in the hypothalami of all pCMV-saCas9-VP64 
AAV-injected mice (Fig. 3F). We also observed 
higher SimJ up-regulation (Fig. 3G) compared 
to S. pyogenes CRISPRa (Fig. 3E). 

Next, we tested whether Sim up-regulation by 
CRISPRa-AAV can lead to a reduction in body 
weight of Sim haploinsufficient mice. CRISPRa- 
AAV-injected SimI*”~ mice were measured for 
body weight up to 11 weeks of age (Fig. 4A). We 
observed a significant weight reduction in the 
Prm-CRISPRa-AAV- or Enh-CRISPRa-AAV- 
injected mice compared to the Sim1*”~ or pCMV- 
dCas9-VP64-AAV-injected SimI*’- mice both 
for S. pyogenes (Fig. 4B) and S. aureus (Fig. 
4C). These results suggest that CRISPRa-AAV 
can rescue the Sim haploinsuficiency obesity 
phenotype. 

Finally, we analyzed whether CRISPRa would 
have a long-term body weight effect on these mice. 
Although many of the injected mice were analyzed 
in the aforementioned gene expression studies, 
a few were maintained and showed significant 
weight reduction compared to the Sim1*”~ or 
pCMV-spdCas9-VP64-AAV-injected Sim1*/- 
mice 9 months after injection (Fig. 4, D and E). 
Similar results were also observed in S. awreus— 
injected mice (fig. S13). These results show that 
CRISPRa-AAV-mediated up-regulation could have 
a long-lasting effect on phenotype. 


Delivery of Mc4r CRISPRa rAAV to 
the PVN rescues the weight gain 
phenotype in Mc4r*”~ mice 


To further investigate whether CRISPRa can 
rescue an additional haploinsufficient obesity 
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model, we carried out S. awreus CRISPRa target- 
ing of the Mc4r promoter in Mc4r*/~ mice, 
which become obese as a result of heterozygous 
LoF of Mc4r (29). We first screened five sgRNAs 
targeting the Mc4r promoter and selected one 
that led to robust Mc4r up-regulation in Neuro-2a 
cells using both transient transfection and rAAV 
infections (fig. S14). We then carried out stereo- 
tactic injections into the PVN of 4-week-old 
Mc4r*/ mice with either pCMV-sadCas9-VP64- 
AAV as a negative control or pCMV-sadCas9- 
VP64-AAV and pU6-Mc4rPr-CMV-mCherry 
(Mc4rPrm-CRISPRa-AAV) (Fig. 5, A and B). We 
observed an increase in Mc4r expression up 
to 2.7-fold in Mc4rPrm-CRISPRa-AAV mice 
(Fig. 5C). Body weight measurements 8 weeks 
after injection showed a significant weight re- 
duction in the Mc4rPrm-CRISPRa-AAV-injected 
mice compared to the Mc41*”~ or pCMV-sadCas9- 
VP64-AAV-injected Mc4r~ mice (Fig. 5, D and E). 
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3 


injection in PVN. 

m9 (E) dCas9-VP64, Prm- 
CRIPSRa, and Enh- 
CRISPRa compared to 
uninjected wild-type 
littermates and Sim1*”— 
mice 9 months after 
injection. Means + SD 
and number of mice (N) 
are shown per condi- 
tion. ***p < 0.0005. 


These results further suggest that CRISPRa can be 
used to rescue other haploinsufficient phenotypes. 


Discussion 


CRISPR-based gene editing is a promising ther- 
apeutic technology for correcting genetic mutations. 
However, it is a challenging approach for treat- 
ing haploinsufficiency, limited by low homology- 
directed repair efficiencies (i.e., editing only a 
small portion of cells) and the need to custom- 
tailor specific guides and donor sequences for each 
individual mutation. In addition, it may not be a 
feasible therapeutic strategy for microdeletions, 
more than 200 of which are known to cause human 
disease (40), primarily because of haploinsufficiency. 
In this study, we used a CRISPR-mediated acti- 
vation approach to tackle these hurdles and show 
how a haploinsufficient phenotype could be cor- 
rected by increasing the transcriptional output from 
the existing functional allele with CRISPRa. 
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Fig. 5. CRISPRa-AAV injection in the 
PVN decreases weight gain in Mc4r*”~ 
mice. (A) Schema showing the CRISPR 
AAVs used for injection into Mc4r*”~ mice. 
(B) Timeline for weight measurement 
post CRISPRa-AAV injection in PVN. 

(C and D) dCas9 (C) and Mc4r (D) mRNA 
expression from uninjected wild-type 

and Mc4r*”~ mice along with pCMV- 
sadCas9-VP64 (dCas9-VP64)- and 
pCMV-sadCas9-VP64 + pMc4rPr-mCherry 
(Prm-CRISPRa)-injected Mc4r+/- mice. 
Four mice were used for each genotype 
with three technical replicates. The 

data are represented as means + the 
lower and upper quartile, and lines 
represent the minimum and maximum. 
Values were determined based on mRNA 
fold increase compared to wild-type 

mice and normalized to Actb using the 
AACT method for Mc4r expression 

and relative Actb ACT log2 for dCas9 
expression. (E and F) Weight gain 
determined over an 8-week period from 
Mc4r*”~ female (E) or male (F) mice 
injected with pCMV-sadCas9-VP64 
(dCas9-VP64) or pCMV-sadCas9-VP64 + 
pMc4rPr-mCherry (Prm-CRISPRa) 
compared to uninjected wild-type 
littermates and Mc4r*”~ mice. Means + SD 
and number of mice (N) are shown for 
each condition. ***p < 0.0005; (ANOVA, 
Tukey test). 


Using CRISPRa targeting for either the pro- 
moter or enhancer of SimI, we could rescue the 
obesity phenotype in a tissue-specific manner in 
mice that are haploinsufficient for Sim. Because 
this approach takes advantage of the existing 
functional allele, it has several benefits: (i) It 
overcomes the need to custom-tailor CRISPR gene 
editing approaches for different haploinsufficiency- 
causing mutations in the same gene. (ii) This 
approach could potentially be used to target two 
or more genes. It could serve as a potential ther- 
apeutic strategy for microdeletions-related dis- 
eases that are caused by the heterozygous LoF 
of more than one gene. (iii) CRISPRa-AAV could 
be used to rescue haploinsufficient phenotypes 
caused by genes that are longer than its optimal 
packaging capability. (iv) Tissue specificity is a 
major concern for gene therapy. CRISPRa-based 
approaches can take advantage of cis-regulatory 
elements to guide tissue specificity (Fig. 6A). The 
availability of large-scale tissue-specific maps of 
gene regulatory elements could provide ample 
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candidates for this approach. We observed dis- 
tinct differences in tissue-specific activation of 
Sim1 based on the targeted cis-regulatory ele- 
ment, which can be attributed to chromatin ac- 
cessibility of the locus in various tissues. Previous 
large-scale Cas9 and dCas9 cell culture screens 
have shown a targeting preference for regions 
with low nucleosome occupancy (41, 42). Active 
promoters or enhancers would have lower nucleo- 
some occupancy, thus being more amenable to 
dCas9 targeting. 

CRISPRa uses a nuclease-deficient Cas9 (dCas9) 
fused to a transcriptional activator and as such 
does not edit the genome. However, it can lead 
to transcriptional modulated off-target effects. 
To test for such effects, we carried out both RNA- 
seq and ChIP-seq in vitro and in vivo. We did not 
observe any apparent CRISPRa off-target bind- 
ing that resulted in significant transcriptional 
changes. Additional analyses of predicted off- 
targeting loci due to sgRNA mismatches did not 
find any transcriptional changes surrounding 
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these loci. The dCas9-VP64 fusion used in our 
CRISPRa system is known to activate loci that 
are programmed for transcription, such as pro- 
moters or enhancers (/4, 42). Taken together, our 
results suggest that CRISPRa has high specificity. 

Our dCas9-VP64 mouse and rAAV vectors can 
be a useful tool for targeted gene activation in vivo 
by delivering sgRNA(s) targeted to a specific gene 
in certain tissues or cell types. This approach 
could be used to assess gene-gene interactions 
or for the identification of the target gene(s) of a 
specific regulatory element in vivo by measuring 
its expression level following activation. Another 
potential area of study could be neuronal circuit 
manipulation. Discrepancies between acute and 
chronic neuronal circuit manipulations have been 
observed (43) that could potentially be addressed 
by rAAV-CRISPRa and transgenic-CRISPRa strat- 
egies, respectively. 

Haploinsufficiency of S717 is associated with 
severe obesity (19-21) in humans and mice (22). 
Whether this is caused by the reduction in PVN 
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size during development that is observed in 
SimI*!~ mice (22) or by disturbed energy ho- 
meostasis during adulthood was largely unknown. 
The obesity phenotype observed in the postnatal 
conditional knockout of hypothalamic Sim (23) 
reinforced the hypothesis that Sim does indeed 
have a role in energy homeostasis later during 
adulthood. Our results showing phenotypic res- 
cue in adult mice by rAAV CRISPRa further cor- 
roborate this role. 

Mutations in MC4R are the most commonly 
found in individuals with class 3 obesity (body 
mass index >40 kg/m”), with an estimated 2.6 to 
5% of this population having mutations in this 
gene (26-28). Heterozygous LoF mutations in this 
gene are associated with an obesity phenotype 
(26-28). MC4R is a promising drug target for 
anti-obesity drugs, and several agonists have been 
developed to target this receptor (44, 45). Here, we 
decreased the weight gain in Mc4"”~ mice using 
rAAV-CRISPRa targeting of the Mc4r promoter. 

CRISPRa-based gene activation is highly de- 
pendent on the nature of the fused activator (33) 
and sgRNA target (41) and would need to be 
optimized for a particular gene, along with the 
delivery method. It is important to note that 
overexpressing genes beyond their physiolog- 
ically relevant doses could have undesirable side 
effects. The use of a shorter dCas9, such as the 
S. aureus (46) that was used in this study, could 
reduce the packaging load and improve dCas9 
delivery, with optimal up-regulation levels to 
achieve physiologically relevant results. This 
approach can also lead to increased expression 
of the mutant allele, if the targeted promoter or 
enhancer is not deleted, and may not be useful 
in cases where this allele is not a complete LoF. 
In addition, targeting rAAV to specific neuronal 
populations in primates may require multiple 
injections or other DNA delivery methods. 

We demonstrate that CRISPRa can be used 
to activate genes in vivo not only by targeting 
their promoters but also by targeting distal cis- 
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regulatory elements such as enhancers. We were 
able to rescue a haploinsufficient phenotype in a 
long-lasting manner (9 months) with CRISPRa- 
rAAV by targeting either the promoter or en- 
hancer of a gene. Previous studies have shown 
that these elements can be potential therapeu- 
tic targets. For example, by targeting a globin 
enhancer with zinc finger nucleases fused to a 
chromatin looping factor, the LIM domain bind- 
ing 1 (LDBI) gene, activation of fetal hemoglobin 
was achieved in vitro, providing a potential ther- 
apy for sickle cell disease (47). In another study, 
reactivation of fetal hemoglobin was achieved by 
deactivating the enhancer of its repressor B cell 
CLL/lymphoma 11A (BCLIIA) using CRISPR gene 
editing (48). Our study provides an approach in 
preclinical mouse model systems that takes advan- 
tage of cis-regulatory elements and can aid in 
designing potential therapeutic strategies. Nu- 
merous phenotypes caused by lower gene dosage 
could potentially be targeted with CRISPRa (Fig. 
6B). In addition, several human diseases could 
potentially be rescued by the activation of another 
gene with a similar function (Fig. 6C). These 
could include, for example, Utrophin for Duchenne 
muscular dystrophy (DMD) (49, 50), survival 
of motor neuron 2 (SMA2) for spinal muscular 
atrophy (57), or fetal globin for sickle cell disease. 
For example, a CRISPR-based approach (CRISPR/ 
Cas9 TGA) was recently shown to ameliorate 
the dystrophic phenotype upon up-regulation of 
either the Utrophin, Klotho, or Fst genes in a 
mouse model of DMD (50). Further develop- 
ment of gene up-regulation by CRISPRa or other 
techniques could provide a potential therapy for 
dosage-related diseases. 


Materials and methods 
Plasmids 


The pMSCV-LTR-dCas9-VP64-BFP vector, encod- 
ing amammalian codon-optimized Streptococcus 
pyogenes dCas9 fused to two C-terminal SV40 
NLSs and tagBFP along with a VP64 domain and 
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the U6-sgRNA-CMV-mCherry-T2A-Puro plasmids 
were used for cell line transfections (both kind 
gifts from J. S. Weissman and S. Qi). sgRNAs 
(table S4) were cloned using the In-Fusion HD- 
cloning kit (Clontech) following the manufac- 
turer’s protocol into the Bst XI and Xho I sites. 
Mouse knockin vectors were generated by clon- 
ing dCas9-VP64 and U6-sgRNA-CMV-mCherry 
expression cassettes from the aforementioned 
vectors into the TARGATT (CAG + Poly A) plasmid 
(Applied StemCell). For AAV vectors, pcDNA- 
dCas9-VP64 (Addgene 47107), and U6-sgRNA- 
CMV-mCherry-WPREpA were cloned replacing 
the Efla-FAS-hChR2(H134R)-mCherry-WPRE-pA 
with that of the U6-sgRNA-CMV-mCherry- 
WPREpA into the backbone of pAAV-Efla-FAS- 
hChR2(H134R)-mCherry-WPRE-pA (Addgene 
37090). S. aureus dCas9-VP64 vector was con- 
structed from Addgene Plasmid #68495, AAV_ 
NLS-dSaCas9-NLS-VPR by removing the RelA(p65) 
activation domain and Rta Activation domain 
using XbaI and EcoRI enzymes and intro- 
ducing a stop codon after the VP64 domain 
followed by bGHPolyA. We named it pAAV- 
CMV-sadCas9-VP64-pA. pAAV-U6-sasgRNA- 
CMV-mCherry-WPREpA was cloned by replacing 
the CMV-sadCas9-VP64-pA cassette in pAAV- 
CMV-sadCas9-VP64-pA backbone with that of 
U6-sasgRNA-CMV-mCHerry-WPREDA cassette 
from pLTR-1120-MP177-U6-sasgRNA-mcherry 
(a kind gift from B. Huang at UCSF). S. aureus 
sgRNAs (table S4) were cloned using the In-Fusion 
HD-cloning kit (Clontech) following the man- 
ufacturer’s protocol into the Bst XI and Xho I 
restriction enzyme sites. 


AAV production 


Particles of rAAV-DJ serotype, which is a chimera 
of type 2, 8, and 9 that was shown to achieve high 
expression levels in multiple tissues (39), were 
produced for all vectors using the Stanford Gene 
Vector and Virus core. The packaging load for 
pCMV-spdCas9-VP64 was 5.4 kb and for pU6- 
SimiPr-CMV-mCherry and pU6-SCE2-CMV- 
mCherry 2.5 kb. Genomic titers were ascertained 
by WPRE and ITR probes to be 140 x 10" viral ge- 
nome (vg)/ml for pCMV-spdCas9-VP64 and around 
3.30 x 10" ve/ml for pU6-SimIPr-CMV-mCherry 
and 2.20 x 10" ve/ml for pU6-SCE2-CMV-mCherry. 
The packaging load for pCMV-sadCas9-VP64-pA 
was 4.3 kb and for pU6-sasgRNA-CMV-mCherry 
was 2.5 kb. Genomic titers for pAAV-CMV- 
sadCas9-VP64-pA were 1.60 x 10” vg/ml, for 
pU6-sasgRNA3Sim1Pr-CMV-mCherry 1.58 x 
10"? vg/ml, for pU6-sasgRNA3SCE2-CMV-mCherry 
2.0 x 10 vg/ml, and for pU6-sasgRNA2Mc4rpr- 
CMV-mCherry 1.0 x 10" vg/ml. 


Cell culture 


Neuroblastoma 2a cells (Neuro-2a; ATCC® CCL- 
131) were grown following ATCC guidelines. 
Plasmids were transfected into Neuro-2a cells 
using X-tremeGENE HP DNA transfection re- 
agent (Roche) following the manufacturer’s pro- 
tocol. AAV particles were infected into Neuro-2a 
cells at different multiplicity of infection (MOI) 
ratios (figs. S9 and S12E). Neuro-2a cells were 


8 of 11 


610z ‘Og Avenue uo /Bio' Bewsous!os'souel0s//:diy Woy PapeojuUMOGg 


RESEARCH | RESEARCH ARTICLE 


harvested 48 hours after transfection and 5 days 
after infection to isolate RNA for qRT-PCR analysis. 


RNA isolation, RNA-seq, and quantitative 
reverse-transcription PCR 


RNA was isolated from cells or tissues using 
RNeasy Mini Kit (Qiagen) following the manu- 
facturer’s protocol. For mice, animals were 
euthanized and tissues were harvested directly 
into the RNA lysis buffer of the RNeasy Mini Kit. 
The hypothalamus was dissected using a mouse 
brain matrix and slicers (Zivic Instruments). Each 
hypothalamus was sampled the same way for 
each animal with 1.0-mm coronal section slice 
intervals. The coronal brain section of the hypo- 
thalamus was sliced with two blades 3 mm apart 
(fig. S15, A to C). The hypothalmaus was dis- 
sected out from this coronal section. Care was 
taken to orient the brain on the matrix and to 
align the hypothalamus each time correspond- 
ing to the same coronal section slots. For qRT- 
PCR, cDNA was prepared using SuperScript III 
First-Strand Synthesis System (Invitrogen) using 
the manufacturer’s protocol along with deoxy- 
ribonuclease I digestion. qPCR was performed 
with SsoFast EvaGreen Supermix (Bio-Rad) using 
the primers indicated in table S4. To further 
validate our qPCR results for Sim, we also per- 
formed qPCR on wild-type, SimI*”~ and SimI*/~ 
Prm-CRISPRa-AAV-, Enh-CRISPRa-AAV-, or 
pCMV-dCas9-VP64-AAV-injected mice with prim- 
ers that overlap the region that was knocked out 
(Sim1-5’ primers listed in table S4), obtaining 
similar results (fig. S13, D to G). The results were 
expressed as fold-increase mRNA expression of 
the gene of interest normalized to either Actb or 
Rpl38 expression by the AACT method followed 
by analysis of variance (ANOVA) and Tukey test 
for statistical analysis. Reported values are the 
mean + SEM from three independent experi- 
ments performed on different days (NV = 3) with 
technical duplicates that were averaged for each 
experiment. For RNA-seq, three males and three 
females were used for each genotype (24 samples 
total; 6 biological replicates per condition). cDNA 
was amplified using Ovation V2 kit (NUGEN), 
and sequencing libraries were generated using 
NexteraXT kit (Illumina). RNA-seq was carried 
out on an Illumina HiSeq 4000. Sequence align- 
ment was performed using STAR (52). Mappings 
were restricted to those that were uniquely 
assigned to the mouse genome and unique read 
alignments were used to quantify expression 
and aggregated on a per-gene basis using the 
Ensembl (GRCm38.67) annotation. Analyses of 
individual hypothalamus expressed genes (Agrp, 
Crh, Oxt, Pomc and Trh) showed a good correla- 
tion between individual samples in each condi- 
tion (fig. S15, D to H). We analyzed these raw 
data using DESeq2 (53) to assess variance and 
differential expression between sample groups. 
All RNA-seq data was deposited in NCBI as 
Bioproject PRJNA438712. 


Chromatin immunoprecipitation 


Fresh tissue was homogenized using a hand-held 
dounce homogenizer, cross-linked in phosphate- 


Matharu et al., Science 363, eaau0629 (2019) 


buffered saline (PBS) containing 1% formalde- 
hyde for 10 min, quenched with 125 mM glycine 
for 5 min, and washed three times with PBS. Cross- 
linked tissue pellet was processed further for chro- 
matin immuoprecipitation using the Low cell Chip 
Kit (Diagenode; catalog no. C01010072) following 
the manufacturer’s protocol. An S. pyogenes Cas9 
polyclonal antibody (Diagenode; catalog no. 
C15310258) and an S. aureus Cas9 monoclonal 
antibody (Diagenode; catalog no. C15200230) 
were used for the pull-down. Enrichment of tar- 
get regions were assessed by RT-qPCR using 
SsoFast EvaGreen Supermix (Bio-Rad) and prim- 
ers listed in table S4. Results were expressed as 
Y%input using the ACT method. Reported values 
are the mean + SEM from three independent 
experiments performed on different days (N = 2) 
with technical duplicates that were averaged for 
each experiment. For ChIP-seq, a pool of four 
mice was used for each genotype and two bio- 
logical replicates. Libraries were made by using 
the ThruPLEX DNA-seq kit (Rubicon Genomics; 
catalog no. R400428) and sequencing was carried 
out with an Illumina HiSeq-4000. Sequencing reads 
were mapped to the genome using STAR (52). 
Mapping was restricted to reads that were unique- 
ly assigned to the mouse genome (GRCm38.67). 
Replicates were pooled to call peaks against a 
background of the nontargeting VP64 ChIP using 
MACS2 (54). All ChIP-seq data were deposited in 
NCBI as Bioproject PRJNA438723. 

Mice 

Simr*/~ mice (22) on a mixed genetic background 
were obtained as a kind gift from J. Michaud’s 
lab. In these mice, a 1-kb fragment containing 
750 bp of the 5’ region, the initiation codon, and 
the sequence coding for the basic domain (the 
first 17 amino acids) was replaced by a Pgk—neo 
cassette that was used for genotyping (see table 
S4 for primers) with KAPA mouse genotyping 
kit (KAPA Biosystems). To generate dCas9-VP64: 
and sgRNA mice, we used TARGATT technology 
(34). DNA for injection was prepared and pu- 
rified as minicircles by using the TARGATT 
Transgenic Kit, V6 (Applied StemCell). The in- 
jection mix contained 3 ng/ul DNA and 48 ng/ul 
of in vitro-transcribed ~C3lo mRNA in micro- 
injection TE buffer [0.1 mM EDTA, 10 mM Tris 
(pH 7.5)], and injections were done using stan- 
dard mouse transgenic protocols (55). dCas9- 
VP64 was inserted into the mouse Hipp// locus 
and sgRNAs into the Rosa26 locus. Mice were 
genotyped using the KAPA mouse genotyping 
kit. Fp H11P33 TARGATT knockins were assessed 
using PCR primers SH176 + SH178 + PR432 and 
for ROSA26 primers ROSA10 + ROSA11 + PR432 
described in (34) along with vector insertion- 
specific dCas9-VP64: primers as well as mCherry- 
specific primers (described in table $4). Mc4r*/- 
mice on C57BL/6 background were genotyped 
using MC4R1, MC4F3, and PGKR3 primers (table 
S4). In these mice, a deletion of 1.5 kb starting 
from 20 nucleotides downstream of the Mc4r 
initiation codon to ~500 bp after 3’ of the gene 
was replaced by a Pgk—neo cassette (29). All mice 
were fed ad libitum Picolab mouse diet 20, 5058 
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containing 20% protein, 9% fat, 4% fiber for the 
whole study. Calories were provided by protein 
(23.210%), fat (ether extract) (21.559%), and car- 
bohydrates 55.231%. All animal work was approved 
by the UCSF Institutional Animal Care and Use 
Committee. 


Transgenic mice body 
weight measurements 


HiIp3 3 ees VP64 R26pgsimPr-sgRNA and 
R26P38CHEr-seRNA mice were mated with FVB 
mice for three to five generations to assess germ- 
line transmission. Three independent integrants 
were used from each line to set up matings. 


H11p3 46 4Cas9-VP64 were mated with SimI*/— 
x HIP 3©4G-dCas9-VP64 


Sim1Pr-sgRNA 


and subsequent Sim1*/~ 
mice were crossed with either R26P3 
or R26PHEP7E”ERNA +9 generate mice having all 
three unlinked alleles. Mice were maintained at 
Picodiet 5058 throughout the study, and at least 
10 females and 10 males from all genotypes 
(wild type, Simi”, SimI”~ x HIIP3AC C9 VPO# 
Simi” x HIIP3ACEU89-VP64 5, ROGPZSiMPr-sERNA, 
Simr’/- x HIP, G-dCas9-VP64 x RIQGPZOCHPEN sEBNAy 
were measured for their body weights from 4 to 
16 weeks of age on a weekly basis. 


Body composition and food 
intake analyses 


Body composition was measured using either 
dual energy x-ray absorptiometry (DEXA) or 
Echo Magnetic Resonance Imaging (EchoMRI; 
Echo Medical System). For DEXA, mice were 
anesthetized with isoflurane and measured for 
bone mineral density and tissue composition (fat 
mass and lean mass) with the Lunar PIXImus. 
EchoMRI (Echo Medical System) was used to 
measure whole-body composition parameters 
such as total body fat, lean mass, body fluids, 
and total body water in live mice without the 
need for anesthesia or sedation. Food intake 
was measured by using the Columbus Instru- 
ments Comprehensive Lab Animal Monitoring 
System (CLAMS; Columbus Instruments). Mice 
were housed individually and acclimatized on 
powdered picodiet 5058 for 3 to 4 days, and food 
intake measurements were done over 4: to 5 days. 
Three males and three females from each geno- 
type: wild-type littermates, SimI*/-, SimI*/- x 
Hil | PB AG-dCas9-VP64 x RIQGPZOUMIPr-sERNA Simi’ x 
HUppg 4G acas9-VP64 x R26P 35 L2H SERNA were 
measured. 


Stereotaxic injections 


Four-week-old Simi*/~ or Mc4r*/~ males or 
females, weighing between 20 and 26 g were 
housed individually in cages for at least 2 days 
before surgical interventions. Mice were anes- 
thetized with 3% isoflurane for induction and 
1% isoflurane for maintenance in a vaporizer 
chamber. The skull was immobilized in a stereo- 
taxic apparatus (Model 1900, Stereotaxic Align- 
ment Systems, Imicron resolution, David Kopf 
Instruments). The stereotaxic coordinates for 
injection into the PVN were 0.80 mm caudal to 
bregma, 0 mm at the midline, and 5.2 mm below 
the surface of the skull, similar to the midline 
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injections carried out in a previous study (56). A 
0.5-mm hole was created in the cranium with 
a high-speed model 1911 Stereotaxic Drill with a 
0.02-inch drill bit (David Kopf Instruments). 
Using a 31-gauge 1-ul Hamilton microsyringe, 
we injected a dose of 0.5 x 10” vg/ml of sgRNA- 
AAV along with 2.5 x 10° ve/kg of spdCas9-VP64- 
AAV or 0.8 x 10” ve/ml of sadCas9-VP64-AAV in 
a total injection volume of 1 ul per animal into 
the PVN unilaterally over a 10-min period. This 
titer and double the amount (1 x 10” vg/ml of 
sgRNA-AAV along with 5 x 10° vg/ml of spdCas- 
VP64-AAV) were also injected into 5-week-old 
wild-type FVB mice (fig. S11). After rAAV deliv- 
ery, the needle was left in place for 20 min to 
prevent reflux and slowly withdrawn in several 
steps, over 10 min. Mice were administered two 
doses of buprenorphine (100 mg/kg) before and 
24 hours after surgery. Mice were only excluded 
from the study for the following reasons (table S6): 
(i) having shorter bregma lambda length during 
surgery; (ii) having profuse bleeding during sur- 
gery; or (iii) did not survive surgery or died during 
the experiment. All surviving mice were included 
in the phenotypic analysis, and we did not elim- 
inate mice because of a missed injection. Immu- 
nostaining for mCherry, as described below, was 
used to validate PVN injection coordinates 8 weeks 
after injection in several mice with single midline 
injections showing one side of the PVN to have 
stronger mCherry expression (Fig. 3C and fig. S10). 
The majority of mice did not undergo immuno- 
staining as they were used for RNA analyses. 
Mice were maintained on a picodiet 5058 and 
weighed on a weekly basis. 


Immunostaining 


For immunostaining, mice were anesthetized with 
pentobarbital (7.5 mg/0.15 ml, intraperitoneally) 
and transcardially perfused with 10 ml of hepa- 
rinized saline (10 U/ml, 2 ml/min) followed by 
10 ml of phosphate-buffered 4% paraformalde- 
hyde (PFA). Brains were removed, postfixed for 
24 hours in 4% PFA, and then equilibrated in 
30% sucrose in PBS for 72 hours. Brains were 
coronally sectioned (35 um for immunostaining, 
50 um for stereology) on a sliding microtome 
(Leica SM 2000R). Immunohistochemistry was 
performed as previously described (24, 57, 58). 
Coronal brain sections that had been stored in 
PBS at 4°C were permeabilized and blocked in 
3% normal goat serum-0.3% Triton X-100 for 
1 hour and incubated at 4°C overnight using 
an antibody to mCherry at a dilution of 1:500 
(Abcam ab167453). Sections were placed in 
4” ,6- diamidino-2-phenylindole (DAPI) (0.2 g /ml; 
236276; Roche) for 10 min and then mounted 
on Plus coated slides and coverslipped using 
Vectashield (H-1000; Vector Laboratories). 
Images of sections containing PVN were cap- 
tured on a Zeiss Apotome. 
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ASYMMETRIC CATALYSIS 


Prediction of higher-selectivity 
catalysts by computer-driven 
workflow and machine learning 


Andrew F. Zahrt*, Jeremy J. Henle*, Brennan T. Rose, Yang Wang, 


William T. Darrow, Scott E. Denmarkt 


INTRODUCTION: The development of new 
synthetic methods in organic chemistry is 
traditionally accomplished through empirical 
optimization. Catalyst design, wherein exper- 
imentalists attempt to qualitatively identify 
correlations between catalyst structure and 
catalyst efficiency, is no exception. However, this 
approach is plagued by numerous deficiencies, 
including the lack of mechanistic understand- 
ing of a new transformation, the inherent lim- 
itations of human cognitive abilities to find 
patterns in large collections of data, and the 
lack of quantitative guidelines to aid catalyst 
identification. Chemoinformatics provides an 
attractive alternative to empiricism for several 
reasons: Mechanistic information is not a pre- 
requisite, catalyst structures can be charac- 
terized by three-dimensional (3D) descriptors 
(numerical representations of molecular prop- 


A 


erties derived from the 3D molecular structure) 
that quantify the steric and electronic prop- 
erties of thousands of candidate molecules, 
and the suitability of a given catalyst candidate 
can be quantified by comparing its properties 
with a computationally derived model trained 
on experimental data. The ability to accurately 
predict a selective catalyst by using a set of less 
than optimal data remains a major goal for 
machine learning with respect to asymmetric 
catalysis. We report a method to achieve this 
goal and propose a more efficient alternative 
to traditional catalyst design. 


RATIONALE: The workflow we have created 
consists of the following components: (i) con- 
struction of an in silico library comprising a 
large collection of conceivable, synthetically 
accessible catalysts derived from a particular 


Full library 
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Chemoinformatics-guided optimization protocol. (A) Generation of a large in silico library 
of catalyst candidates. (B) Calculation of robust chemical descriptors. (C) Selection of a 
UTS. (D) Acquisition of experimental selectivity data. (E) Application of machine learning to use 
moderate- to low-selectivity reactions to predict high-selectivity reactions. R, any group; 

X, O or S; Y, OH, SH, or NHTf; PC, principal component; AAG, mean selectivity. 
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scaffold; (ii) calculation of relevant chemical 
descriptors for each scaffold; (iii) selection of a 
representative subset of the catalysts [this sub- 
set is termed the universal training set (UTS) 
because it is agnostic to reaction or mechanism 
and thus can be used to optimize any reaction 
catalyzed by that scaffold]; (iv) collection of the 
training data; and (v) application of machine 
learning methods to generate models that pre- 
dict the enantioselectivity of each member of 
the in silico library. These models are evaluated 
with an external test set of catalysts (predicting 
selectivities of catalysts outside of the training 
data). The validated models can then be used to 
select the optimal catalyst for a given reaction. 


RESULTS: To demonstrate the viability of our 
method, we predicted reaction outcomes with 
substrate combinations and catalysts different 
from the training data and simulated a situation 

in which highly selective 
reactions had not been 
Read the full article achieved. In the first dem- 
at http://dx.doi. onstration, a model was 
org/10.1126/ constructed by using sup- 
science.aau5631 port vector machines and 
validated with three differ- 
ent external test sets. The first test set evaluated 
the ability of the model to predict the selectivity 
of only reactions forming new products with 
catalysts from the training set. The model per- 
formed well, with a mean absolute deviation 
(MAD) of 0.161 kcal/mol. Next, the same model 
was used to predict the selectivity of an external 
test set of catalysts with substrate combina- 
tions from the training set. The performance 
of the model was still highly accurate, with a 
MAD of 0.211 kcal/mol. Lastly, reactions form- 
ing new products with the external test cat- 
alysts were predicted with a MAD of 0.236 kcal/ 
mol. In the second study, no reactions with 
selectivity above 80% enantiomeric excess were 
used as training data. Deep feed-forward neural 
networks accurately reproduced the experimental 
selectivity data, successfully predicting the most 
selective reactions. More notably, the general 
trends in selectivity, on the basis of average cat- 
alyst selectivity, were correctly identified. Des- 
pite omitting about half of the experimental free 
energy range from the training data, we could 
still make accurate predictions in this region 
of selectivity space. 


CONCLUSION: The capability to predict selec- 
tive catalysts has the potential to change the 
way chemists select and optimize chiral cata- 
lysts from an empirically guided to a math- 
ematically guided approach. 


The list of author affiliations is available in the full article online. 
*These authors contributed equally to this work. 
}Corresponding author. Email: sdenmark@illinois.edu 
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Prediction of higher-selectivity 
catalysts by computer-driven 
workflow and machine learning 


Andrew F. Zahrt*, Jeremy J. Henle*, Brennan T. Rose, Yang Wang, 


William T. Darrow, Scott E. Denmarkt 


Catalyst design in asymmetric reaction development has traditionally been driven by 
empiricism, wherein experimentalists attempt to qualitatively recognize structural 
patterns to improve selectivity. Machine learning algorithms and chemoinformatics can 
potentially accelerate this process by recognizing otherwise inscrutable patterns in large 
datasets. Herein we report a computationally guided workflow for chiral catalyst selection 
using chemoinformatics at every stage of development. Robust molecular descriptors 
that are agnostic to the catalyst scaffold allow for selection of a universal training set on 
the basis of steric and electronic properties. This set can be used to train machine learning 
methods to make highly accurate predictive models over a broad range of selectivity 
space. Using support vector machines and deep feed-forward neural networks, we 
demonstrate accurate predictive modeling in the chiral phosphoric acid—catalyzed thiol 


addition to N-acylimines. 


he development of synthetic methods in 

organic chemistry has historically been 

driven by Edisonian empiricism. Catalyst 

design, wherein experimentalists attempt 

to qualitatively recognize patterns in cata- 
lyst structures to improve catalyst selectivity and 
efficiency, is no exception. However, this approach 
is hindered by a number of factors, including 
the lack of mechanistic understanding of a new 
transformation, the inherent limitations of the 
human brain to find patterns in large collections 
of data, and the lack of quantitative guidelines 
to aid catalyst selection. Chemoinformatics (J-3) 
provides an attractive alternative for several 
reasons: No mechanistic information is needed, 
catalyst structures can be characterized by three- 
dimensional (3D) descriptors (numerical repre- 
sentations of molecular properties derived from 
the 3D structure of the molecule) that quantify 
the steric and electronic properties of thousands 
of candidate molecules, and the suitability of a 
given catalyst candidate can be quantified by 
comparing its properties with a computation- 
ally derived model on the basis of experimental 
data. Although artificial intelligence was applied 
to problems in chemistry as early as 1965, the 
use of machine learning methods has yet to 
affect the daily workflow of organic chemists 
(4). However, recent developments represent the 
dawn of a new era in organic chemistry, with 
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the emergence of “big-data” methods to facilitate 
rapid advances in the field. Computer-assisted 
synthetic planning (5, 6), the prediction of or- 
ganic reaction outcomes (7, 8), assisted medic- 
inal chemistry discovery (9, 10), catalyst design 
(11, 12), the use of continuous molecular repre- 
sentations for automatic generation of new chem- 
ical structures (13), materials discovery (14), the 
enhancement of computer simulation techniques 
(15), and the optimization of reaction conditions 
(16) all provide examples in which leveraging 
machine learning methods facilitates advances 
in chemistry. The power of these methods is 
particularly notable for catalyst design; mod- 
ern machine learning methods have the capac- 
ity to find patterns in large sets of data that 
are incomprehensible to experimental practi- 
tioners (17). Discovering these structure-activity 
relationships may facilitate catalyst identifica- 
tion, thus enabling the rapid optimization of 
catalytic transformations. 

Lipkowitz et al. and Kozlowski et al. first 
reported the application of a 3D quantita- 
tive structure-activity relationship (QSAR) to 
asymmetric catalysis, wherein they used differ- 
ent molecular interaction field (MIF) approaches 
to study copper bis(oxazoline) complexes in 
enantioselective Diels-Alder reactions and enan- 
tioselective alkylations of aryl aldehydes, re- 
spectively (18, 19). Although similar MIF-based 
approaches have since been employed (72, 20, 27), 
we suspect that such methods have not achieved 
widespread use because of the reliance on only 
one conformer in descriptor generation. To ad- 
dress this problem, Sigman and co-workers 
have employed multivariate regression tech- 
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niques and catalyst-specific descriptors to glean 
mechanistic information (22-24). These re- 
searchers attribute some of their success to 
the use of Sterimol values; these substituent- 
based descriptors have multiple parameters de- 
signed to capture the rotation of the group of 
interest, thus providing a more accurate picture 
of how the molecule behaves in solution (25). 
Furthermore, preliminary studies in which pre- 
dictions are made beyond the bounds of the 
training data have been described; Sigman and 
co-workers have demonstrated the ability to 
predict ~10% enantiomeric excess (ee) beyond 
the training data (26). However, no examples 
exist wherein the prediction is far outside the 
selectivity regime comprising the training data. 
A very recent example of the utility of machine 
learning methods in catalysis is the prediction of 
reaction yields by Doyle and co-workers (27, 28). 
These authors use many easily calculable de- 
scriptors to predict the outcomes of C-N cou- 
pling reactions and deoxyfluorination reactions 
with random forest models (29). Although this 
method excels in predicting the outcomes of 
reactions when the predicted value falls within 
the range of values in the training data, this 
method has not been used to make predictions 
beyond the range of observed values in the train- 
ing set. 

The ability to accurately predict a selective 
catalyst by using a set of nonoptimal data re- 
mains a primary objective of machine learning 
with respect to asymmetric catalysis. This feat 
is sometimes erroneously referred to as “extra- 
polation”—an understandable mistake, given 
that predictions are being made outside the 
bounds of previously observed selectivities. How- 
ever, the term “extrapolation” does not refer to 
the selectivity space of the training data but 
rather to the descriptor space. Thus, a better 
statement of this goal is to predict high selec- 
tivity values far beyond the bounds of what is 
encompassed in the training data. Herein, we 
describe a method to achieve this goal by pro- 
posing a more efficient alternative to traditional 
catalyst design. 

This endeavor is challenging for a number 
of reasons. First, very small energy differences 
(~1 kcal/mol) can give rise to vastly different 
selectivities—even modern quantum chemical 
methods struggle to reproduce these energy 
differences in diastereomeric transition struc- 
tures. Subtle changes in catalyst structure can 
also lead to large changes in catalyst perform- 
ance, whereas descriptors capable of capturing 
fundamental chemical properties (30) and the 
subtle features of catalyst structure responsible 
for enantioinduction remain imperfect. More- 
over, off-cycle or background reactivity can erode 
enantioselectivity, and selectivity data are rarely 
uniformly distributed, adding the challenge of 
modeling on a skewed dataset. Predicting reac- 
tions that are more selective than anything in 
the training data (essential for machine learn- 
ing to optimize a reaction) requires the model 
to accurately predict to a fringe case, a formi- 
dable challenge in its own right. 
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Perhaps the greatest impediment to accu- 
rate prediction in this manner is that no widely 
accepted workflow implementing chemoinfor- 
matics at all stages of development has been 
introduced to date. Using training set selection 
algorithms is essential to guarantee that the 
maximal breadth of feature space is covered in 
the training data; thus, by design, there should 
theoretically be no need for extrapolation. Fail- 
ure to use training set selection algorithms 
introduces a greater level of uncertainty for 
predictions—if the domain of applicability is 
completely unknown, predictions may be outside 
the well-described region of feature space, and 
those predictions may be unfounded. If such 
methods are to be successful, chemical prop- 
erties must be represented by robust descrip- 
tors. This aspect is especially challenging for 
asymmetric catalysis, as currently no mathe- 
matical representation of organic molecules 
exists that satisfies the following critical criteria: 
The descriptors must be rapidly calculable, must 
contain 3D information about an ensemble of 
conformers for each molecule, must be gen- 
eral for any given scaffold, and must capture 
the subtle features of catalyst structure respon- 
sible for enantioinduction. We describe the 
development of a workflow that uses chemo- 
informatic methods at every stage. Further, we 
report a molecular representation that facili- 
tates this workflow and that enables the pre- 


NG IVA 
are 


Guided optimization of 
chiral catalyst 


Fig. 1. Summary of chemoinformatics-guided workflow. (A) An in silico 
library of synthetically accessible catalysts is defined. For each member 
in the library, descriptors are calculated. (B) A representative subset is 
algorithmically selected on the basis of intrinsic chemical properties. 

(C) The representative subset is synthesized and experimentally tested. 
(D) The probability of identifying a highly selective catalyst in the first 
round of screening should be greater than that by random sampling alone. 
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diction of enantioselective reactions in a manner 
simulating new reaction optimization. 

This new workflow consists of the following 
components (Fig. 1): (i) construction of an in 
silico library of a large (31) collection of con- 
ceivable, synthetically accessible catalysts of a 
particular scaffold; (ii) calculation of robust 
chemical descriptors for each scaffold, thereby 
creating the chemical space comprising the in 
silico library; and (iii) selection of a represent- 
ative subset of the catalysts in this space. This 
subset is termed the universal training set (UTS), 
so named because it is agnostic to reaction or 
mechanism. Thus, the same set of compounds 
can be used to collect training data for any 
reaction that can be catalyzed by the common 
functional group and will cover the maximum 
breadth of feature space. The continuation of 
the workflow involves (iv) collection of the 
training data and (v) application of machine 
learning methods to generate models that pre- 
dict the enantioselectivity of each member of 
the in silico library. These models are evaluated 
with an external test set of catalysts (predicting 
selectivities of catalysts outside of the training 
data). The validated models can then be used to 
select the optimal catalyst for a given reaction. 
At this point, either the predicted catalyst ob- 
tains the desired level of selectivity (success) or 
the predicted catalyst data can be recombined 
with the training data to make more robust mod- 
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els. The process can then be repeated iteratively 
until optimal selectivity is achieved (Fig. 1). 

To develop this workflow, we chose the BINOL 
(1,1'-bi-2-naphthol)-derived family of chiral phos- 
phoric acids as the catalyst scaffold. This family 
possesses a number of beneficial features, includ- 
ing synthetic accessibility and ease of diversifica- 
tion by installation of an array of substituents at 
the 3,3’ positions. Additionally, the acidity of the 
phosphoryl group can be easily modulated, and 
the backbone can be unsaturated (binaphthyl 
backbone) or saturated (Hg backbone). These 
catalysts can be used for a vast number of syn- 
thetically useful reactions; thus, a UTS of this 
scaffold could be very powerful for method 
development (32). 


Development of average steric 
occupancy descriptors 


The plan began with the formulation of an in 
silico library containing 806 chiral phosphoric 
acid catalysts. For this class, two scaffolds were 
selected: catalysts with a fully aromatic binaphthyl 
backbone and catalysts wherein the second ring 
of the binaphthyl moiety is saturated (Hg). Then 
a dataset of 403 synthetically feasible sub- 
stituents (from a database of readily available 
commercial sources or fragments that require 
no more than four well-established synthetic 
steps) was added to the 3,3’ positions of these 
scaffolds by using Python2 scripts (for full details, 


Increased probability of 
selective catalyst in first 
round of screening 
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(E) The data from the training set are used to train statistical learning 
methods. (F) The models predict selectivity values for every member of 
the greater in silico library. (G) If successful, the model will predict the 
optimal catalyst for the reaction. If unsuccessful, the new data can be used 
as training data to make a stronger prediction in successive rounds of 
modeling. R, any group; X, O or S; Y, OH, SH, or NHTf; i-Pr, isopropyl; t-Bu, 
tert-butyl; Cy, cyclohexyl. 
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Fig. 2. Generation of ASO descriptors. (A) Pictorial description of the ASO (C) ASO discrimination of 3,3’-substituent groups: ortho-substituted arenes 
calculation process. (B) ASO grid points away from the catalyst have values (red), fused-ring substituents (blue), 3,5-disubstituted arenes (yellow), and 
of O (red), whereas grid points occupied in all conformers have a value of all other groups (green). (D) Bar graph representation of ASO descriptors for 
1 (blue); flexible substituents can be seen in the green and yellow regions. two different Bronsted acid catalysts. calc., calculated; vdW, van der Waals. 
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A Subset Selection 
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descriptor 
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in chemical space 


Property 2 
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Property 1 
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Fig. 3. Construction of the UTS. (A) Subset selection with the 
Kennard-Stone algorithm. The algorithm then selects a representative 
subset of points, as qualitatively depicted. (B) Locations of the catalysts 


see computational methods in the supplemen- 
tary materials). The substituents were chosen 
by surveying catalogs of boronic acids, aryl 
halides, aldehydes, alkyl boranes, and Grignard 
reagents and adding all members that were 
compatible with the reaction conditions nec- 
essary to install that substituent (such as Suzuki 
coupling, use of organolithium reagents, and 
Kumada coupling). Thus, we are confident that 
our in silico library covers a large breadth of 
chemical space that is synthetically accessible. 
To construct the chemical space representing 
this library, chemically meaningful descriptors 
were calculated. However, using many types of 
readily available OD, 1D, 2D, and 3D descrip- 
tors (the latter derived mostly from MIFs) led to 
failure because the calculated features did not 
adequately represent those catalyst properties 
responsible for enantioinduction [comparative 
molecular field analysis (CoMFA), grid-independent 
descriptors (GRIND), and all descriptors avail- 
able in RDKit and MOE 2015 are some examples 
of previous attempts] (33-35). The likely cause 
of failure was that only a single conformation of 
each of the catalysts was included. Thus, a new 
set of descriptors had to be developed that 
included information about the entire conformer 
ensemble, could be used for any catalyst scaffold, 
and would be easily calculable for large libraries 
of compounds. 

To achieve this goal, we invented a new de- 
scriptor called average steric occupancy (ASO). 
The ASO descriptors were inspired by 3.5D and 
4D descriptors, simplifying the conformer pop- 
ulation information into a location-specific nu- 
merical form (36, 37). The protocol for ASO 
calculation is illustrated in Fig. 2A. First, a con- 
former distribution for each catalyst in the in 
silico library was obtained. Second, for each 
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input all 
catalysts 
in silico 


Property 1 


Property 2 


Property 3 


molecule, the conformers were aligned and 
individually placed in identical grids. If a grid 
point was within the van der Waals radius of 
an atom, it was assigned a value of 1; other- 
wise, it was assigned a value of 0. This process 
was repeated for n conformers, and upon com- 
pletion each grid point had a cumulative value 
ranging from 0 to n. The values were then 
normalized by dividing by n, such that all grid 
points had a value between 0 and 1. These values 
constituted the steric descriptors for the struc- 
tures. These features are represented in Fig. 2B, 
wherein the ASO values around a phosphoric 
acid catalyst are depicted. The red grid points 
mark areas away from the catalyst where ASO 
values are 0.000 to 0.125, whereas the blue 
represents grid points where the ASO values 
are 0.875 to 1.000. Because the catalysts are 
aligned to the backbone, the corresponding grid 
points all have a value of nearly 1, and the back- 
bone is visible as the two overlapping blue 
bands. Below the blue bands are regions of 
green and yellow; these represent conformers 
that differ by the rotation of the P-NH-Tf (triflyl) 
moiety and the phenyl substituents at the 3,3’ 
positions. The capacity of these descriptors to 
distinguish among catalysts of different classes 
is illustrated in Fig. 2C. The distribution of the 
different catalyst classes in chemical space (from 
the first three principal components of the ASO 
chemical space) demonstrates that ASO qual- 
itatively groups like-structured catalysts. 

The electronic descriptors were derived from 
the perturbation that a substituent exerts on 
the electrostatic potential map of a quaternary 
ammonium ion (see the computational meth- 
ods in the supplementary materials for details). 
These substituent-based electronic descrip- 
tors were combined with the ASO descrip- 


18 January 2019 


Full Library 
@ UTS 


ay 


wF*, 


og 
© Rage 


selected by the Kennard-Stone algorithm in 2D chemical space 
[constructed from the fi 
of variance, respectively) of the full catalyst chemical space]. 


rst two principal components (18% and 12% 


tors. In total, this process amounted to 16,384 
features per catalyst, which was later reduced 
upon the removal of all features with a var- 
iance of zero. 

To select a representative subset of the chem- 
ical space spanned by the in silico library, the 
dimensionality of the chemical space must be 
reduced (38). The data were transformed with 
principal components analysis (PCA) (39), which 
selects new dimensions such that the variance 
retained is maximized per dimension kept. 

A representative subset (including boundary 
cases) was selected from this space by using the 
Kennard-Stone algorithm (40) (Fig. 3). This sam- 
pling method is of paramount importance; it 
guarantees that catalysts from uniform regions 
of feature space are sampled. Thus, predictions 
made later in method development should still 
be in a region of feature space described by the 
initial training set, giving more confidence in 
these predictions. The subset of selected cata- 
lysts constitutes the UTS, which can then be 
used to optimize any reaction that can be cata- 
lyzed by that catalyst type. The 24 members of 
the UTS for the chiral phosphoric acid scaffold 
are given in Fig. 4A. To evaluate the predictions 
made from the UTS, a separate test set of 19 
external catalysts (52 to 70) (Fig. 5B) was se- 
lected from the in silico library. These external 
catalysts were selected on the basis of intuitive 
chemical differences and synthetic accessibility. 


Application of the catalyst 
optimization protocol to asymmetric 
N,S-acetal formation 


To validate the ASO and training set selection 
protocol, the training set was evaluated on a 
previously optimized model reaction. The enan- 
tioselective formation of N,S-acetals (Fig. 5A) 
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developed by Antilla and co-workers (41) was 
selected for several reasons. The reaction is 
high yielding and highly reproducible; it can 
be performed under air at room temperature, 
thus facilitating rapid screening; and a range 
of selectivities (0 to 99%) has been reported 
with different catalysts (six reported catalysts). 


A BPAUTS 


100.0 5 
90.0 - 
80.0 
70.0 - 
60.0 


% ee 


Si(4-t-BuPh)3 
Si(4-t-BuPh)3 


Accordingly, we judged this reaction to be a 
good candidate for empirically evaluating the 
selectivity space covered in the UTS. By calcu- 
lating ASO and electronic descriptors for reac- 
tants and products as well and concatenating 
these descriptors with catalyst descriptors, indi- 
vidual reaction profiles could be constructed 


B Average Selectivities of Training Set Compounds 


67.6 68.1 70- 


Catalyst Number 


that also took into account substrate properties. 
The inclusion of substrate descriptors also 
increased the number of data points obtained 
per catalyst synthesized. As a general note on 
the use of reactant and product descriptors, we 
find that it provides the following benefits: 
More data points can be collected per catalyst 


86.6 89-6 


82. 
5 72.0 74:9 75-1 
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Fig. 4. BINOL phosphoric acid (BPA) UTS. (A) UTS of phosphoric acid catalysts selected by the Kennard-Stone algorithm. (B) Average selectivity of 
training catalysts across the 16 training reactions. Ph, phenyl; Me, methyl; Et, ethyl. 
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A Model Reaction with Training and Test Substrate Combinati 
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B Test Catalysts with Averages for All Substrate Combinations 
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2.39 kcal / mol 2.19 keal / mol 1.59 kcal / mol 1.53 kcal / mol 1.48 kcal / mol 1.34 keal / mol 
2.36 kcal / mol 1.84 kcal / mol 1.24 kcal / mol 1.40 kcal / mol 1.27 kcal / mol 1.27 kcal / mol 
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Fig. 5. Model validation on thiol addition to N-acyl imines. 

(A) Model reaction screened over 16 training substrate combinations 
and nine test substrate combinations. (B) Test set of catalysts. 

Each catalyst was evaluated by the average selectivity across all 
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1.01 kcal / mol 
1.08 keal / mol 


0.524 kcal / mol 
0.359 kcal / mol 


0.993 kcal / mol 
0.924 kcal / mol 


0.991 kcal / mol 
0.922 kcal / mol 
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0.227 kcal / mol 
0.134 kcal / mol 


0.122 kcal / mol 
0.336 kcal / mol 


0.121 kcal / mol 
0.289 kcal / mol 


25 substrate combinations. The experimentally observed selectivity 
is in bold, and the predicted selectivity (reported as the free energy 
differential between the transition structures leading to each 
enantiomer) is in italics. r.t., room temperature. 
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A Plot of Observed vs. Predicted Selectivity. 
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Mean Absolute Deviation. 


MAD (AAG, kcal / mol) 
Trial 1 0.1487 
Trial 2 0.1501 
Trial 3 0.1509 
Trial 4 0.1519 
Trial 5 0.1476 
Trial 6 0.1569 
Trial 7 0.1550 
Trial 8 0.1547 
Trial 9 0.1428 
Trial 10 0.1572 
| Average | 0.1516 +/- 0.0050 


Fig. 6. The averaged predicted selectivity values for external test sets plotted against 
observed enantioselectivity data. (A) The vertical bands result from the accuracy in the analytical 
method, wherein the limit of detection determines enantiomeric purity to the nearest 0.5% ee. 
Because of the exponential relationship between ee and free energy, detectable differences in 
selectivity appear greater at larger free energy differentials. (B) The MAD data are listed in the table 


for each of the 10 replicate runs. 


synthesized, allowing for stronger models to 
be produced, and we can use our technology 
to predict the outcome of reactions with a known 
catalyst on new substrate combinations, thus 
creating another powerful tool. 


Generation of models by using all 
selectivity data 


To ensure that our descriptors capture the struc- 
tural information pertaining to enantioinduc- 
tion and can be used to construct predictive 
models, 2150 separate experiments were per- 
formed, wherein the catalysts shown in Figs. 4A 
and 5B (43 catalysts in total) were used in the 
reactions with pairwise combinations of imines 
and thiols, leading to the 25 different products 
shown in Fig. 5A. This process creates 43 x 25 = 
1075 reactions, which were run in duplicate, and 
the average of duplicate runs was used as the 
experimental selectivity data. From these 1075 
reactions, 475 were randomly selected as an ex- 
ternal test set by using a Python random-number 
generator, and the remaining 600 reactions were 
used to train the model. To ensure that model 
efficacy and training set-test set partitioning were 
unbiased, this process was repeated 10 times. 
Models were then developed with support vec- 
tor machines by using a grid-based optimization 
of hyperparameters with fivefold cross valida- 
tion (see supplementary materials for details). 
The average predicted selectivities of the 475 
external test set reactions (i.e., those which were 
not used in the model training process) reveal 
very good correlation when plotted against the 
experimental selectivity data (a high coefficient 
of determination R, a y intercept very close to 
zero, and a slope approaching unity) (Fig. 6A). 
The mean absolute deviation (MAD) for each 
of the 10 randomized trials is listed in Fig. 6B. 
As is evident from the low MAD of each run, 
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the models make highly accurate predictions of 
selectivity, confirming that our descriptor set is 
a valid, numerical representation of molecules 
capable of capturing the relevant features of 
catalysts responsible for enantioselectivity. 
As experimentalists, we were interested in es- 
tablishing whether these tools could be used to 
predict the results of either new substrate com- 
binations or new catalysts that have not pre- 
viously been tested or to identify new reactions 
(i.e., substrates and catalysts) that are more se- 
lective than any reaction in the training data. 
We therefore performed two modeling studies 
to evaluate each hypothesis by partitioning the 
available data in two different ways. For the 
first study, the data from reactions of four imines 
(imines 25a to 25d) and four thiols (thiols 
26a to 26d) (i.e., 16 reactions per catalyst) were 
evaluated (Fig. 5A). Using the 24-member cat- 
alyst training set (Fig. 4A) with each substrate 
combination then gave rise to 16 x 24 = 384 
training reactions that could be used for model 
development. This process also generated 1075 - 
384: = 691 test reactions for external validation 
(the test reactions were later divided into three 
different sets, detailed below). For the second 
study, we investigated whether new, more selec- 
tive reactions could be predicted. To investigate 
this possibility, the 1075 experimental selectivity 
data points were divided such that every catalyst- 
imine-thiol combination that gave products below 
80% ee was included in the training set and no 
reactions above 80% ee were used at any stage 
in model development. These remaining, highly 
selective reactions were instead used as an exter- 
nal test set. Both data division methods violate 
the iid (independent and identically distributed) 
assumption (42). Thus, we make no claims as to 
the generalizability of these studies and simply 
propose this method as a tool to facilitate the 


18 January 2019 


experimental optimization of catalysts and the 
exploration of substrate scope. 


Generation of models derived 
from the UTS 


It was very rewarding to find a highly selective 
catalyst in the training set (compound 11) (Fig. 
4A), supporting our hypothesis that using the 
UTS increases the probability of finding an 
effective catalyst in the first round of screening 
(catalyst selectivity data are summarized in 
Fig. 4B). 3,3'-Benzyl-substituted catalysts used 
in reactions with aliphatic thiols as nucleo- 
philes gave rise to the opposite stereoisomer 
as the major product compared with the other 
cases. Thus, the range of selectivities covered 
by the UTS in the 16 training reactions spans 
from -43% ee to >99% ee with the same en- 
antiomer of catalyst, further supporting the hy- 
pothesis that the UTS covers a broad range of 
selectivity space, as illustrated in the full com- 
pilation of experimental results (table S1). From 
this dataset, a suite of models was generated and 
used to predict the selectivity of three families 
of test sets: a substrate test set of reactions gen- 
erating new products (i.e., those formed from 
substrates not included in the training set but 
using catalysts in the training set), a catalyst 
test set of reactions generating the same pro- 
ducts in the training set but with catalysts not 
included in the training data, and a substrate- 
catalyst (sub-cat) test set of reactions creat- 
ing new products and also using catalysts not 
included in the training data. For the substrate 
test set, nine distinct compounds (31, 36, 41, 
and 46 to 51) (Fig. 5A) generated from sub- 
strate combinations with unknown results in the 
model reaction were selected, totaling 216 re- 
actions (24 training catalysts x 9 test substrates). 
For the catalyst test set, the 19 external catalysts 
(52 to '70) (Fig. 5B) were evaluated in reactions 
generating the same products as the training 
reactions, totaling 304 reactions (19 test catalysts 
from Fig. 5B x 16 training substrates from Fig. 5A). 
For the sub-cat test set, the 19 external test set 
catalysts were used in reactions producing the 
nine new products, thus evaluating the capability 
to predict reaction outcomes with external sub- 
strate combinations and external catalysts, totaling 
171 reactions [19 test catalysts x 9 test substrates 
(Fig. 5B catalysts with Fig. 5A test substrate 
combinations)]. 

By using a variety of data preprocessing meth- 
ods (see supplementary materials for details), we 
generated a suite of models. Of these, the support 
vector machines method gave the highest per- 
formance on the basis of the MAD from the 
combined external test sets (Fig. 7A). The first 
test set evaluated the ability of the models to 
predict the selectivity only of reactions forming 
new products. In this role, the model performed 
well, with an MAD of 0.161 kcal/mol. Next, the 
same model was used to predict the selectivity 
of the external test set of catalysts. The per- 
formance of the model was still highly accurate, 
with a MAD of 0.211 kcal/mol. Lastly, reactions 
forming new products with the external test 
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Fig. 7. Application of models from UTS. (A) The predicted versus 
observed plots for the training set, substrate test set, catalyst test set, and 
sub-cat test set. The support vector machines method (second-order 
polynomial kernel, g* = 0.748 by k-fold cross validation) performs well on 


chemical space of all catalysts (from the first three principal components 
of the full chemical space, 13, 8, and 8% of variance, respectively). The red 
points are unselective catalysts, the green and yellow points are more 
selective, and the blue points are the most selective, with the average 


all external test sets, predicting reaction outcomes within 0.25 kcal/mol 
(MAD = 0.161, 0.211, and 0.238 kcal/mol, respectively). The vertical bands 
result from the limit of accuracy in the analytical method. (B) The 3D 


selectivity across all 25 reactions as a metric of catalyst selectivity. 
(C) Observed and predicted outcomes of reactions with substrate 
combinations that were not also included in the training data. 


catalysts were predicted with a MAD of 0.236 kcal/mol. 
All three test sets were predicted at a level of 
accuracy equal to or greater than that of most 
quantum chemistry methods (43). To evaluate 
catalyst performance, the mean selectivity (AAG 
in kilocalories per mole) of each test catalyst 
across all 25 reactions was calculated (Fig. 5B). 
The model predicted this efficacy metric with 
notable accuracy, predicting all catalysts within 
0.4 kcal/mol, with only two catalysts (53 and 54:) 
predicted outside of 0.3 kcal/mol from the 
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experimentally observed AAG. Catalyst 53 gave 
the best selectivity in the original study (41), and 
our results were in good agreement with what 
has been previously reported. Similarly, aliphatic 
thiols gave diminished selectivity with respect to 
thiophenol derivatives. The first three principal 
components of catalyst space also reveal distinct 
regions of high, medium, and low space (Fig. 7B). 
Similarly, the predicted reaction outcomes for the 
nine test reactions with the best catalyst are illus- 
trated in Fig. 7C. All reaction selectivities except 
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one (49) are predicted within 2% ee of the mea- 
sured value. Despite not being included at any stage 
of model development, compound 52 was still 
predicted to be the most selective catalyst in the 
in silico library for this transformation. A complete 
list of predicted selectivity values for the entire in 
silico library of reactions can be found in data S1. 


Reaction prediction beyond the training set 


Although modeling with data spanning the en- 
tire range (e.g., up to 99% ee) of interest can be 
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Fig. 8. Reaction prediction beyond the selectivity spanned by the training set. (A) A model 
generated by using a deep feed-forward neural network simulating the optimization of an 
unoptimized reaction by using all data below 80% ee to train the model. The vertical bands 

result from the limit of accuracy in the analytical method. (B) Predicted and observed average 
selectivities for the eight catalysts with average enantioselectivity over 80% ee. Only the common 
reactions (i.e., those forming the same product) that were in the test set for each of the eight 
catalysts were used to calculate the average selectivities. The identity of these reactions and the 
predicted and observed values are available in data S3. 


valuable for predicting the outcome of new 
substrate combinations, modeling beyond this 
range can be leveraged to enhance the rate at 
which catalytic enantioselective reactions are 
optimized. To demonstrate this potential in our 
method, we simulated a situation in which highly 
selective reactions (i.e., combinations of substrates 
and catalysts) have not been identified. Accord- 
ingly, we partitioned all 1075 reactions as follows: 
All reactions below 80% ee were used as training 
data (718 reactions), and all reactions above 
80% ee were used as test data (357 reactions). (The 
identities of the training and test datasets can 
be found in the supplementary materials.) A 
variety of modeling methods were tested, and 
although a number of methods, including support 
vectors, Lasso, LassoLars, ridge regression, elastic 
net, and random forest (by no means the state of 
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the art in machine learning; see computational 
methods for a complete explanation), provided 
acceptable qualitative results, deep feed-forward 
neural networks accurately reproduced the experi- 
mental selectivities (MAD = 0.33 kcal/mol) (Fig. 
8A). More notably, the general trends in selectivity, 
on the basis of average catalyst selectivity, were 
correctly identified. As shown in Fig. 8B, the most 
selective catalyst, 52, was predicted with the 
highest accuracy, within 3% ee of the experimental 
value. Catalysts 53 and 54 were the next two to 
follow experimentally and computationally (the 
order is inverted, but they are within experimental 
error from each other), followed by catalyst 55. 
The remaining catalysts shown in Fig. 8B were 
predicted very accurately, likely because the ex- 
perimental values are closer to the training set 
cutoff of 80% ee. Despite omitting about half of 
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the experimental free energy range from the 
training data, we could still make accurate pre- 
dictions in this region of selectivity space. 


Outlook 


The capability to successfully predict the selec- 
tivity of higher-performing catalysts has the po- 
tential to change the way chemists select and 
optimize chiral catalysts. This method has not 
been “pressure tested” in a number of scenarios; 
reactions that are susceptible to electronic per- 
turbation must be investigated, more flexible 
catalyst scaffolds need to be explored, and cat- 
alyst scaffolds with multiple points of diversity 
must be examined. 


Materials and methods 
General information 


All reactions were performed in glassware that 
had been flame-dried under vacuum or oven- 
dried (140°C) overnight. All reactions were con- 
ducted under an atmosphere of dry nitrogen or 
argon by using a drying tube equipped with 
phosphorus pentoxide and calcium sulfate. All 
reaction temperatures are noted as the oil bath 
temperature, the internal temperature as moni- 
tored by a Teflon-coated thermocouple, or the 
room temperature (~23°C). Solvents used for 
extraction were reagent grade, and chromatog- 
raphy solvents were technical grade. Column 
chromatography was performed using ultrapure 
silica gel (40 to 69 um) from Silicycle with a 
column mixed as a slurry, packed, and eluted at 6 
to 8 psi. Retention factors, R; are reported for 
analytical thin-layer chromatography performed 
on Merck silica gel plates treated with F-254 in- 
dicator. Visualizations were accomplished by 
using ultraviolet (UV) light, aqueous KMnO,, 
ceric ammonium molybdate solution, or iodine. 
Reaction solvents tetrahydrofuran [Fischer; high- 
performance liquid chromatography (HPLC) 
grade], hexanes (Fischer; HPLC grade), diethyl 
ether [Fischer; butylated hydroxytoluene- 
stabilized American Chemical Society (ACS) 
grade], methylene chloride (Fischer; unstabilized 
HPLC grade), and N, N'-dimethylformamide 
(Fischer; HPLC grade) were dried by percolation 
through two columns packed with neutral alu- 
mina under positive pressure of argon. Toluene 
(Fischer; ACS grade) was dried by percolation 
through a column packed with neutral alumina 
and a column packed with Q5 reactant, a sup- 
ported copper catalyst for scavenging oxygen, 
under a positive pressure of argon. Amines were 
distilled fresh before use, and pyridine (Fischer; 
ACS grade) used as a solvent was distilled and 
stored over 4-A molecular sieves before use. 


Instrumentation 


1H, °c, *F, and “"P nuclear magnetic resonance 
(NMR) spectra were recorded on a Varian Unity 
Inova 400 spectrometer (°F and *!P), a Varian 
Unity 500 spectrometer (‘H and ™C), a Bruker 
Advance 500 spectrometer (‘H, °C, °F, ?°Si, and 
31p), a Varian VXR 500 spectrometer (‘H), or a 
Unity 500 NB spectrometer (‘H). Spectra are 
referenced to chloroform [6 = 7.26 parts per 
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million (ppm), 'H; 77.0 ppm, °C], residual ben- 
zene (6 = 7.15 ppm, 'H; 128.62 ppm, !°C), or di- 
methyl sulfoxide (5 = 2.50 ppm, *H; 39.52 ppm, 
8C), Chemical shifts are reported in parts per 
million, and multiplicities are indicated by 
s (singlet), d (doublet), t (triplet), q (quartet), 
p (pentet), h (hextet), m (multiplet), and br (broad). 
Coupling constants J are reported in hertz, in- 
tegration is provided, and assignments are in- 
dicated. Mass spectrometry was performed by 
the University of Illinois Mass Spectrometry 
Laboratory. Mass spectrometric data were col- 
lected on a Waters Q-TOF Ultima (ESI) spec- 
trometer, a Waters Synapt G2-Si spectrometer 
(ESI), a Waters Quattro Ultima spectrometer 
(ESI), or a Waters 70-VSE spectrometer (EI). Low- 
resolution spectral data are reported as (mass, 
intensity), and high-resolution data are reported 
as calculated and measured masses to 10~* mass 
accuracy. Infrared spectra were recorded on a 
Perkin-Elmer UATR-2 FT-IR spectrophotometer. 
Peaks are reported as reciprocal centimeters, with 
relative intensities indicated as s (strong, 67 to 
100%), m (medium, 34 to 66%), or w (weak, 0 to 
33%). Analytical chiral stationary-phase super- 
critical fluid chromatography was performed on 
an Agilent 1100 high-performance liquid chro- 
matograph equipped with an Aurora Systems 
A-5 supercritical CO, adapter for supercritical 
fluid chromatography and a UV detector (220 
or 254 nm) by using Daicel Chiralcel OD, OJ, 
and OB or Chiralpak AD and AS columns. 


Descriptor calculations 


To describe the steric environment around a 
given structure, the strategy taken in these lab- 
oratories used grid point-type descriptors. How- 
ever, instead of using van der Waals potential 
energy values at grid point locations, this de- 
scriptor incorporates steric data from a popula- 
tion of conformers of a given compound. The 
new calculation process is as follows (see section 
S3 in the supplementary materials), demonstrated 
by using a BINOL-based phosphoric acid de- 
rivative scaffold. (i) For each base compound 
within an in silico library, a set of conformers 
within a given energy window (generally 7 to 
10 kcal/mol) is generated. (ii) The full set of com- 
pounds and associated conformer libraries are 
aligned to a common core. (iii) A spherical grid of 
points is then calculated to encompass the entire 
set of aligned compounds to a depth of 3 A. (iv) 
For each conformer, an indicator field is created 
by determining which grid point locations are 
within the van der Waals radius of an atom. 
Locations determined to be within atoms are 
given a value of 1; those outside are given a value 
of 0. (v) The ASO of a given catalyst is calculated 
as the average of the indicator fields for each 
conformer of that catalyst. This gives a descriptor 
value of 0 < ASO < 1 at each grid point. When 
compiled, the descriptor set acts both to describe 
the shape of the molecule and to weight that 
shape with how often the molecule occupies 
different regions of space. The process of cal- 
culating the ASO descriptor set is completed 
for every catalyst in the in silico library (fig. S4). 
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The same protocol is used to calculate starting 
material and product descriptors, and concat- 
enation of the descriptors generates the reac- 
tion profiles. 

The ASO descriptor can be used to visually 
compare the shapes and sizes of different com- 
pounds by plotting the descriptor values as bar 
charts. Shown in figure S5 is a comparison between 
3,3'-diphenyl-substituted BINOL-phosphoramide 
1_iv and the much larger catalyst 182_iv. As can 
be seen in the plots, the ASO descriptor values for 
182_iv are much more varied, and nonzero ASO 
values can be seen for much more of the available 
descriptor range, indicating that this catalyst is 
much larger and covers more of the space avail- 
able to the catalyst. This type of comparative 
analysis shows that the descriptors are capturing 
the shape of the molecule as well as distinguish- 
ing between catalysts of different sizes and 
constitutions (Fig. 2D). 

To capture the electrostatic effects of sub- 
stituents on the compounds of interest, a separate 
set of descriptors was considered. Electrostatic 
MIF descriptors have underperformed in the 
applications tested in these laboratories, and 
these 3D MIF-based electrostatic descriptors do 
not incorporate conformation-dependent informa- 
tion. Additionally, most descriptor calculation 
methods based on electrostatic field determina- 
tions fail to distinguish between through-bond 
and through-space effects (44). Although others 
have used 1D and 2D descriptors, such as Hammett 
parameters (45), to describe such changes, the 
substituent libraries used in these laboratories 
are too diverse to have these parameters derived 
for them. To that end, a new electrostatic pa- 
rameter that correlates well with known 1D pa- 
rameters has been devised. 

This electrostatic parameter was calculated 
for individual substituents represented in the 
catalyst in silico library and is used to estimate 
the electronic effects of the substituents on 
the core molecule. The calculation was performed 
by attaching the substituent group to a tetra- 
methylammonium cation, generating a benzyl- 
trimethylammonium cation if the substituent 
is aryl, a homobenzyl-trimethylammonium cation 
if the substituent is benzyl, or an tetraalkylam- 
monium ion if the substituent is alkyl. An 
electrostatic potential MIF is then calculated 
by using NWChem (46) at the B3LYP/6-31G* 
level of theory, specifying a specific probe and 
range for the grid to give a single layer of grid 
points 0.025 A apart. An example of the grid 
and calculated electrostatic potential for a 4- 
nitrobenzyltrimethylammonium cation is shown 
in figure S6. After the energies are calculated, the 
maximum and minimum energies calculated in 
the single-layer MIF are saved, giving the sub- 
stituent electrostatic potential energy minimum 
(ESPMIN) and substituent electrostatic potential 
energy maximum (ESPMAX) descriptors. The 
ESPMAX descriptors correlated well with known 
Hammett parameters, suggesting that the des- 
criptor was describing the electron-donating or 
-withdrawing nature of the given substituents 
(fig. S7). These electronic parameters were also 
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used for the nucleophiles and electrophiles, 
wherein the corresponding thioether and aryl 
moieties, respectively, were appended to the 
ammonium ion. Further, natural bond orbital 
(NBO) charges for sulfur and sulfur molecular 
orbital energies from the NBO calculation were 
used as electronic descriptors for the thiols. 


Model generation 


All machine learning methods except deep neu- 
ral networks were implemented with Python2 
scripts by using scikit-learn (47), a Python ma- 
chine learning package. A collection of models 
was generated by using a variety of feature 
selection methods with experimental AAG as 
the observable. Before modeling, all data descrip- 
tors were scaled by removing the mean and 
scaling to unit variance. A variety of feature 
selection or transform methods were surveyed 
(variance threshold method, mutual informa- 
tion, f-regression, and PCA). For the feature 
selection methods, 100, 500, 1000, and 2000 fea- 
tures were selected. Additionally, by using a 
percentile cutoff, the 10th, 25th, and 50th per- 
centiles were selected. By using PCA, models 
were generated with 10, 20, 30, 50, and 100 
principal components (64, 78, 84, 89, and 94% 
of variance, respectively). These methods were 
all performed separately on the scaled descriptor 
data (PCA and a feature selection method were 
never used together). The enantioselectivity data 
(expressed as the free energy differential be- 
tween the diastereomeric transition structures 
leading to the different enantiomers) were also 
highly skewed, so these data were transformed 
with the Box-Cox transformation by using SciPy 
before model generation. Each set of preprocessed 
data (meaning one of the selection methods or 
PCA on the features with the transformed or 
untransformed Y-data) were then used to make a 
collection of models. Models generated include 
partial least squares PLSn (where n = 2, 4, 6, 8, 
10, 14, 18 and in which n < number of principal 
components), random forest, LassoCV, LassoLarsCV, 
ElasticNetCV, RidgeCV, kernel RidgeCV [kernel = 
radial basis function (rbf)] [k (number of folds 
in k-fold cross-validation) = 5], k-nearest neighbors 
(KNN), and support vector machines with linear, 
rbf, and polynomial kernels (second-, third-, and 
fourth-order polynomials). Grid optimization of 
hyperparameters was performed (example code 
can be found on the GitLab site) (48). This hyper- 
parameter optimization was performed with a 
fivefold train-validation split (e.g., in the case 
of the UTS data, the 384 “training reactions” were 
split). Models were evaluated via ¢” (cross-validated 
R’), R’, and MAD from an external test set of 
reactions (not used in hyperparameter optimiza- 
tion). Three examples are given in fig. S8. Each 
model used the transformed (Box-Cox) selectivity 
data and the top 25% of features selected by mutual 
information regression. SVR_poly2 (support vector 
regressor with second-order polynomial kernel) 
was the only member of the best models to ac- 
curately predict the most selective test reactions. 

Whereas SVR_poly2 qualitatively selected 
the best reactions when attempting to predict 
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beyond the range of selectivities in the training 
data, the models quantitatively underpredicted 
these reactions. By using Keras (49) with the 
Theano backend, a Python package that can 
facilitate deep learning, we generated a deep 
feed-forward network. Grid-based hyperparam- 
eter optimization was used with linear, relu, elu, 
and selu activation functions; 0.05, 0.1, and 
0.2 dropouts on the layers; 4, 40, 400, and 
4000 nodes per layer; and 0 to 6 hidden layers. 
Further, all optimizers available in Keras were 
tested. This method of hyperparameter optimi- 
zation was very time intensive, and it is strongly 
recommended that practitioners instead use a 
Bayesian optimization of hyperparameters. At- 
tempts to use this kind of optimization and 
more modern machine learning methods are 
currently under way. 
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INTRODUCTION: Although the cerebellum 
has long been considered to be a purely motor 
structure, recent studies have revealed that it 
also has critical nonmotor functions. Cerebel- 
lar dysfunction is implicated in addictive be- 
havior and in mental disorders such as autism 
spectrum disorder (ASD), cognitive affective 
syndrome, and schizophrenia. The cerebellum 
is well poised to contribute to behavior be- 
cause it receives a wide array of cortical and 
sensory information and is subject to control 
by a number of neuromodulators. To perform 
its function, the cerebellum is believed to in- 
tegrate these diverse inputs to provide the rest 
of the brain with predictions required for opti- 


Implications for reward 


Activation of Cb-VTA is rewarding 


baseline 


time 


stimulation 
inhibition in social 


Repeated activation of Cb-VTA 
induces long-term place preference 


dark light 
before conditioning 


after conditionin 


conditioning 


mal behavior. Although there are many path- 
ways for this to occur in the motor domain, 
fewer exist for the nonmotor domain. 


RATIONALE: There are no direct pathways 
emanating from the cerebellum that have been 
shown to serve nonmotor functions. We hypoth- 
esized that the cerebellum may contribute to 
motivated behavior by a direct projection to 
the ventral tegmental area (VTA), a structure 
that is critical for the perception of reward 
and control of social behaviors. Such a pro- 
jection would explain why functional imag- 
ing experiments indicate that the cerebellum 
plays a role in addiction and would provide 


Cerebellum sends 
excitatory monosynaptic 
projections to VTA 


baseline 


compartment 


Implications for social behavior 


Cb-VTA is required for social behavior 


social nonsocial social 


nonsocial 
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The cerebellum sends direct excitatory projections to the ventral tegmental area 
(Cb-VTA). These projections likely play a role in reward processing and addictive behavior, 
are required (but not sufficient) for social behavior, and may constitute one of the major 
pathways by which cerebellar dysfunction contributes to mental disorders. 
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one potential mechanism by which cerebellar 
dysfunction might contribute to the symptoms 
of mental disorders. 


RESULTS: In mice, we found that mono- 
synaptic excitatory projections from the cere- 
bellar nuclei to the VTA powerfully activate 
the reward circuitry and contribute to social 
behavior. Using anatomical tracing, we showed 
that axonal projections from the cerebellar 
nuclei form synapses with both dopaminergic 
and nondopaminergic neurons in the VTA. The 

cerebello-VTA (Cb-VTA) 
projections were power- 
Read the full article ful and their optogenetic 
at http://dx.doi. stimulation robustly in- 
org/10.1126/ creased the activity of VIA 
science.aav0581 neurons both in vivo and 
in vitro. Behavioral tests to 
examine reward processing showed that stimu- 
lation of the Cb-VTA projections was sufficient 
to cause short-term and long-term place prefer- 
ence, thereby demonstrating that the pathway 
was rewarding. Although optogenetic inhibition 
of Cb-VTA projections was not aversive, it com- 
pletely abolished social preference in the three- 
chamber test for sociability, which suggests that 
the cerebellar input to the VTA is required for 
normal social behavior. A role for the cerebellum 
in social behavior was also indicated by corre- 
lation between calcium activity in these axons 
and performance in the three-chamber test. How- 
ever, optogenetic activation of the Cb-VTA 
inputs was not prosocial, hence the pathway 
was not sufficient for social behavior. 


CONCLUSION: The Cb-VTA pathway de- 
scribed here is a monosynaptic projection from 
the cerebellum to a structure known primarily 
for its nonmotor functions. Our data support 
a role for the cerebellum in reward process- 
ing and in control of social behavior. We pro- 
pose that this Cb-VTA pathway may explain, 
at least in part, the association between the 
cerebellum and addictive behaviors, and pro- 
vides a basis for a role for the cerebellum in 
other motivated and social behaviors. In ad- 
dition to contributing to reward processing, 
the VTA also targets a number of other brain 
regions, such as the prefrontal cortex, that in 
turn sustain a large repertoire of motor and 
nonmotor behaviors. Direct cerebellar inner- 
vation of the VTA provides a pathway by which 
the cerebellum may modulate these diverse be- 
haviors. The Cb-VTA pathway delineated here 
provides a mechanism by which cerebellar dys- 
function, by adversely affecting the VTA and its 
targets, might contribute to mental disorders 
such as ASD and schizophrenia. 


The list of author affiliations is available in the full article online. 
*These authors contributed equally to this work. 
{Corresponding author. Email: k.khodakhah@einstein.yu.edu 
Cite this article as |. Carta et al., Science 363, eaav0581 (2019). 
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The cerebellum has been implicated in a number of nonmotor mental disorders such as 
autism spectrum disorder, schizophrenia, and addiction. However, its contribution to these 
disorders is not well understood. In mice, we found that the cerebellum sends direct 
excitatory projections to the ventral tegmental area (VTA), one of the brain regions 

that processes and encodes reward. Optogenetic activation of the cerebello-VTA 
projections was rewarding and, in a three-chamber social task, these projections were 
more active when the animal explored the social chamber. Intriguingly, activity in 

the cerebello-VTA pathway was required for the mice to show social preference in this 
task. Our data delineate a major, previously unappreciated role for the cerebellum in 
controlling the reward circuitry and social behavior. 


he cerebellum is perhaps most appreciated 

for its role in motor coordination (1). How- 

ever, there is ample evidence to suggest 

that the cerebellum also contributes to a 
myriad of nonmotor functions. Human 
functional magnetic resonance imaging (fMRI) 
studies show robust cerebellar activation asso- 
ciated with addiction (2-4), social cognition (5), 
and even emotional processing (6). Conversely, 
cerebellar lesions or resections can lead to var- 
ious forms of cognitive impairment and abnor- 
mal social behavior (7). Cerebellar abnormalities 
are linked to autism spectrum disorders (ASD) 
and schizophrenia (8-25). However, despite the 
associations between the cerebellum and ASD, 
schizophrenia, and addiction, the role that the 
cerebellum plays in these conditions is not clear. 
A potential common thread might be an ad- 
verse impact of the cerebellum on the association, 
processing, perception, and/or interpretation of 
reward in these disorders. Functional imaging 
studies have highlighted a disruption in the 
reward system in individuals suffering from 
schizophrenia (26, 27) or ASD (28, 29), which 
suggests that people affected by either condi- 
tion are unable to distinguish between positive 
and negative valence of cues. In rodents, decades- 
old data suggest that stimulation of the cerebellar 
nuclei is rewarding (30, 31), and it has been 
shown that cerebellar granule cells encode 
expectation of reward (32) and that climbing 
fibers encode a temporal-difference prediction 
error similar to that seen in the dopaminergic 
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*These authors contributed equally to this work. 
}Corresponding author. Email: k.khodakhah@einstein.yu.edu 


Carta et al., Science 363, eaav0581 (2019) 


neurons embedded at the heart of the reward 
circuitry (33). Collectively, these observations 
suggest that cerebellar activity might somehow 
impinge on reward processing in the brain. 

The brain-wide dopaminergic projections of 
the ventral tegmental area (VTA) constitute one of 
the major pathways by which the brain controls 
reward and motivational and social behaviors 
(34-36). Indeed, a role for the VTA in addiction 
is well established (37). The VTA also has robust 
projections to the prefrontal cortex (38), which 
is thought to mediate many of the higher-order 
functions. Compromised dopaminergic function, 
including alterations in dopaminergic signaling 
in the prefrontal cortex, has been noted in a num- 
ber of individuals suffering from schizophrenia 
and ASD (26, 39, 40). 

Repeated stimulation of the cerebellum in- 
creases dopamine in the mouse medial prefrontal 
cortex (47). More intriguingly, the cerebellum’s 
ability to do so is compromised in several mouse 
models of ASD (42). It was thus proposed that 
modulation of the VTA might be one of the 
mechanisms engaged by the cerebellum to in- 
crease dopamine in the prefrontal cortex. How- 
ever, the pathways proposed for cerebellar 
modulation of the VTA are indirect (cerebellum— 
reticulotegmental nucleus — pedunculopontine 
nucleus — VTA) and do not envision a direct 
projection from the cerebellum to the VTA 
(41-43). We explored the possibility that there 
might be a direct cerebello-VTA (Cb-VTA) path- 
way that allows for robust cerebellar modula- 
tion of the reward circuitry and social behavior. 


Cerebellar projections to the VTA 
reliably drive activity in vivo 


To explore the presence and delineate the ef- 
ficacy of direct cerebellar projections to the VTA, 
we expressed channelrhodopsin (ChR2) in the 
cerebellum by injecting an adeno-associated 
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virus carrying channelrhodopsin2 and yellow 
fluorescent protein (AAV1-hSyn-ChR2-YFP) into 
the deep cerebellar nuclei (DCN) (Fig. 1A). In 
agreement with prior observations (44-47), 
cerebellar axons were present in the VTA (fig. 
S1C). We performed single-unit recordings in 
the VTA of awake, head-restrained mice (Fig. 1, 
A and B, and fig. S1). Activation of ChR2- 
expressing axons near the recording site with 
1-ms pulses of light rapidly increased firing 
(mean latency, 5.9 + 0.5 ms; median, 6 ms; num- 
ber of cells n = 117; number of animals N = 17) in 
about one-third of the VTA neurons examined 
(Fig. 1, B to F). This finding suggested that the 
cerebellar fibers in the VTA could, in principle, 
make functional synapses with the neurons in 
the VTA. Because cerebellar output neurons are 
spontaneously active and can fire action poten- 
tials at tens of spikes per second, we explored 
whether the Cb-VTA synapses could follow re- 
peated activation. We thus monitored the activity 
of VTA neurons in response to a train of stimuli 
(Fig. 1G). After the initial response, a few of the 
subsequent responses depressed with repeated 
stimulation; however, the remaining stimuli re- 
liably drove activity even at the end of the 1-s, 
20-Hz train (Fig. 1, G to I, and fig. S1, D and E). 


Monosynaptic cerebellar inputs to the 
VTA are glutamatergic 


To confirm that cerebellar neurons made mono- 
synaptic connections with the neurons in the 
VTA, and to explore the nature of the trans- 
mitter at the Cb-VTA synapses, we performed 
patch-clamp recordings in acutely prepared VTA 
slices from mice injected with AAV1-hSyn-ChR2- 
YFP in the DCN (Fig. 2A). In the cell-attached 
configuration, optogenetic activation of cerebel- 
lar axons in the VTA caused patched neurons to 
fire a number of action potentials, indicating 
that the cerebellar projections are strong enough 
to drive activity in the VITA without the need for 
additional inputs from other regions (Fig. 2B). In 
the whole-cell voltage-clamp configuration, 1-ms 
light pulses elicited excitatory postsynaptic cur- 
rents (EPSCs) in about half of the cells recorded 
(23/50 cells). At -70 mV, the EPSCs had a fast 
decay time constant [t = 3.6 + 0.6 ms (SEM), n = 
10] and the currents were effectively blocked by 
cyanquixaline (CNQX), which blocks both AMPA 
(a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid)-mediated and kainate-mediated currents. 
[n = 9; pre-CNQX, 211 + 50 pA (SEM); post-CNQX, 
15 + 3 pA; Fig. 2C]. Setting the command volt- 
age to a potential of +50 mV revealed a second, 
slower decay time constant (t = 52.7 + 14.5 ms), 
which was blocked by the NMDA (N-methy]l-p- 
aspartate) receptor blocker AP5 (Fig. 2, E and F). 

To directly explore whether the EPSCs were 
generated by monosynaptic connections between 
cerebellar projections and VTA neurons, we 
blocked voltage-gated sodium channels with 
tetrodotoxin (TTX). Doing so prevented the 
generation of action potentials and eliminated 
optogenetically evoked responses in the patched 
cells. However, subsequent addition of the po- 
tassium channel blocker 4-AP to the bathing 
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Fig. 1. Optogenetic activation of cerebellar axons in the VTA drives 
VTA activity in vivo. (A) ChR2 was expressed in the DCN. An optrode was 
lowered into the VTA to simultaneously stimulate cerebellar axons in 

the VTA and record single-unit activity of VTA neurons. An example injection 
site is shown at the right (fast, fastigial nucleus; int, interposed nuclei; dn, 
dentate nucleus). DAPI, 4’,6-diamidino-2-phenylindole. (B) Example single- 
unit recording from the VTA. The timing of the stimulus (1 ms, 2 mW) is 
indicated by the blue triangle. (C and D) Example activity rasters and resulting 
firing-rate histograms following repeated trials of single-pulse optical stimula- 
tion of cerebellar axons in two neurons in the VTA. Stimulus was delivered at 


time zero. (E) Pie chart showing response of VTA cells to optogenetics 
activation of cerebellar axons in the VTA (n = 103, N = 14). (F) Latency 
histogram of VTA neurons excited by optogenetic activation of cerebellar axons 
in the VTA [mean latency, 5.9 + 0.5 ms (SEM); median, 6 ms]. (G@) Example 
raster and firing-rate histogram following a 20-Hz train of light pulses to 
optogenetically activate cerebellar axons in the VTA. Train begins at time zero; 
each pulse is indicated by a blue marker. (H) Average response to 20-Hz trains 
in all VTA neurons examined (n = 14, N = 3). Train begins at time zero; 

each pulse is indicated by a blue marker. (I) Average extra spikes elicited 
by a 20-Hz train (n = 14, N = 3; means + SEM). 


solution, intended to increase the magnitude and 
prolong the duration of optogenetically evoked 
depolarizations in the cerebellar axons, recovered 
the synaptic responses in all cases examined 
(Fig. 2D, n = 9). Because no action potentials 
could be generated in the continued presence 
of TTX, the finding that 4-AP recovered the 
EPSCs indicated that the ChR2-expressing cere- 
bellar axons in the VTA made monosynaptic 
connections with the VTA neurons. 

We further examined the properties of the 
Cb-VTA synapses by applying stimulation trains 
of varying frequencies. In agreement with our 
observation in driving neuronal activity with 
stimuli trains in vivo, although the EPSCs ini- 
tially depressed with repeated stimulation, 
thereafter they remained constant for all train 
frequencies examined (5, 10, and 20 Hz; Fig. 2G). 
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The VTA is populated by different cell types: 
About 60% are dopaminergic, 35% are GABAergic, 
and a small fraction are glutamatergic neurons 
(48). In a subset of experiments, we post hoc 
examined whether the responsive cells were 
dopaminergic by staining for tyrosine hydrox- 
ylase (TH). Although the bulk of the responsive 
cells were TH-positive, a number of responsive 
neurons were TH-negative (Fig. 2H), which sug- 
gests that it is unlikely that the cerebellum se- 
lectively targets specific neuron types in the VTA. 

We also used an anatomical approach to ex- 
plore the Cb-VTA projections. We injected the 
green fluorescent protein (GFP)-tagged H129 
strain of the anterograde trans-synaptic tracer 
herpes simplex virus type 1 (H129-GFP) into 
the cerebellar nuclei and examined GFP expres- 
sion in the VTA 50 hours after surgery (N = 5; 
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Fig. 21). This time point was chosen because 
50 hours of incubation allows the virus to jump 
only a single synapse (fig. S2). In agreement 
with the electrophysiological data delineated 
above, we found that the virus transfected both 
dopaminergic and nondopaminergic neurons 
in the VTA (Fig. 21. 


Cerebellar inputs to the VTA 
are rewarding 


The VTA is involved in reward (49), and direct 
stimulation of the VTA cell bodies and the me- 
dial forebrain bundle is rewarding in rodents 
(50, 51). Given the efficacy of cerebellar projec- 
tions in increasing the firing rate of the VITA 
neurons, it is plausible that their activity may 
be rewarding. A common paradigm to explore 
whether a pathway is rewarding is to examine 
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Fig. 2. Cerebellar axons in the VTA form 
monosynaptic glutamatergic synapses. 

(A) ChR2 was expressed in the DCN. Whole-cell 
recordings were made in the VTA (indicated in 
red). Blue light (447 nm) was delivered through 
the objective to stimulate cerebellar axons 

in the VTA. The cells were voltage-clamped at a 
command potential (Vcmd) of —-70 mV or 

+50 mV, as noted. HP, hippocampus; CC, corpus 
callosum. (B) Cells in the VTA fired action 
potentials in response to stimulation of 
cerebellar axons in cell-attached recordings. 
Blue triangle indicates timing of the 1-ms laser 
pulse. (C) Optogenetic activation of cerebellar 
axons in the VTA resulted in EPSCs in the 

VTA neurons that were blocked by CNQX. 

Left: Response of a VTA neuron clamped at 

-70 mV to stimulation of cerebellar axons before 
(black) and after (red) bath application of 
CNOQx. Right: Average decrease in response 
amplitude after application of CNQX. Each 
symbol represents a cell; data are means + SEM 
(n = 9, Wilcoxon signed rank test). (D) Optoge- 
netically activated responses were mono- 
synaptic. Optically evoked responses were 
blocked by bath application of 1 uM TTX. 
Responses could be recovered with subsequent 
application of 200 uM 4-AP. Left: Response 
example. Right: Summary data for cells recorded 
in artificial cerebrospinal fluid (aCSF) (n = 24), 
TTX (n = 9), and 4-AP + TTX (n = 11) (Wilcoxon 
rank sum test). (E) When the VTA neurons were 
clamped at +50 mV (blue), a second, slower 
decay time constant was observed in addition to 
the fast decay time constant seen at a holding 
potential of -70 mV (black, n = 10), which 
corresponded with the AMPA-mediated 
component. (F) Currents observed at +50 mV 
are due to NMDA; NMDA currents were isolated 
using NBQX and blocked by AP5. Top: Example 
currents at +50 mV. Bottom: Group data. 

Each symbol represents a cell; data are means + 
SEM (n = 5, Wilcoxon signed rank test). 

(G) Cerebellar inputs to the VTA show synaptic 
depression. An example 20-Hz stimulus trace is 
shown on top. Average responses to 5, 10, and 
20 Hz trains (n = 5, 6, 11, respectively) are 
shown. (H) Cerebellar stimulation produces 
responses in both TH* and TH™ neurons in the 
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VTA. Cells within the VTA were whole-cell patch-clamped with an internal solution containing neurobiotin and post hoc stained for TH (n = 29). 

Two example cells (indicated by white arrows) are shown; one was co-stained with TH (right) while the other was not (left). Approximate 
response percentages are shown below; the proportion of responding TH* cells was not significantly different from the proportion of TH™ cells 
(7? test). (I) Anterograde trans-synaptic tracing indicates that the cerebellum sends inputs to both TH* and TH™ neurons within the VTA. 

A GFP-tagged H129 strain of herpes simplex virus type 1 (H129-GFP) was injected into the DCN and incubated for 50 hours, which is sufficient time 
to cross only one synapse (fig. S2). *P < 0.05, ***P < 0.001, ****P < 0.0001; n.s., not significant. 


whether test subjects voluntarily self-stimulate 
to activate the pathway. We expressed channel- 
rhodopsin in the cerebellar output neurons of 
mice and bilaterally implanted optical fibers 
targeting the VTA, thereby allowing selective 
stimulation of the cerebellar axon terminals 
in the VTA (Fig. 3, A to C). Test animals were 
allowed to freely explore a square behavioral 
chamber. After a baseline period, one quad- 
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rant was randomly assigned as the “reward 
quadrant”; every time the animal entered the 
target quadrant, it automatically received a 
train of light pulses that activated cerebellar 
axons in the VTA. The train of light pulses 
was repeated every 10 s as long as the animal 
remained in the reward quadrant. In every 
case examined (NV = 22), the mouse showed 
strong preference for the reward quadrant, 
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and on average spent more than 70% of time 
in that area (Fig. 3, D, E, and Q). Control 
GFP-expressing mice that were similarly stim- 
ulated did not show a preference for the reward 
quadrant (V = 12; Fig. 3Q and fig. S3). Opto- 
genetic stimulation of the cerebellar axons in the 
VTA was as rewarding as direct optogenetic 
stimulation of dopaminergic neurons in the VTA 
(N = 8; Fig. 3, F, G, H, and Q). At the intensities 
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Fig. 3. Stimulation of cerebellar axons in the VTA is 
rewarding. (A) Optogenetic stimulation protocol. 

A train of 1-ms pulses at 20 Hz for 3 s was delivered 
repeatedly every 10 s in a randomly assigned quadrant 
of the experimental chamber. (B and J) ChR2 was 
expressed in the DCN and fiber optics were bilaterally 
implanted targeting the VTA. (C) Mice were placed 

in a square chamber and allowed to explore it at will. 
After obtaining a 10-min baseline (top), one of the 
quadrants was randomly chosen as the reward 
quadrant and the mice were allowed to explore for 
another 10 min (middle). Upon entry into the reward 
quadrant, cerebellar axons in the VTA were optically 
stimulated as described in (A). This stimulus was 
repeated every 10 s as long as the mouse stayed in the 
reward quadrant. Afterward (bottom), the reward 
quadrant was reassigned to a different quadrant in 
the chamber and the experiment repeated. 

(D and E) Mice expressing ChR2 in the Cb-VTA 
pathway exhibited a marked preference for the reward 
quadrant. (D) Single-trial example. (E) Average 

of all mice during the behavioral task outlined above. 
Here and below, the reward quadrant is indicated by 
the white box. (F and N) In a cohort of DAT-CRE mice, 
ChR2 was expressed in the VTA dopaminergic cells and 
fiber optics were bilaterally implanted targeting the 
VTA. (G and H) DAT-CRE mice expressing ChR2 in 
dopaminergic cells exhibited a preference for the 
reward quadrant. (G) Single-trial example. (H) Average 
of all mice during the behavioral task. (1) Variation of 
optogenetic stimulation protocol in (A): A train of 
1-ms pulses at 20 Hz for 3 s was delivered only upon 
entry in a chosen quadrant of the test arena. 

(K) Behavioral paradigm as in (C). However, the 
stimulus was delivered only upon entry into the chosen 
quadrant. To receive more stimulation, the mice are 
required to leave and reenter the quadrant. (L and 

M) Mice expressing ChR2 in the Cb-VTA pathway 
exhibited a preference for the reward quadrant in the 
modified self-stimulation task. (L) Single-trial 
example. (M) Average session across all mice tested. 
O and P) DAT-CRE mice expressing ChR2 in dopa- 
minergic VTA cells exhibited a preference for the 
reward quadrant in the modified self-stimulation task. 
O) Single-trial example. (P) Average session across all 
mice tested. (Q) When stimulated with the protocol 

in (A), mice expressing ChR2 in the Cb-VTA pathway 
exhibited a strong preference for the reward quadrant 
N = 22); DAT-CRE mice exhibited a similar preference 
N = 8). When stimulated with the protocol in (1), 

both groups exhibited a strong preference for the reward 
quadrant [Cb-VTA, N = 17 (16 with bilateral, 1 with 
unilateral implant) DAT-CRE, N = 8]. GFP-expressing 
animals stimulated with the protocol in (A) did not 
show a preference for any of the quadrants (N = 12). 
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Stimulation trials 1 and 2 were averaged. Data are means + SD [two-way analysis of variance (ANOVA) followed by Bonferroni post hoc test]. (R) After 
each stimulation trial, a subset of mice expressing ChR2 in the Cb-VTA pathway was examined for an additional 15 min without delivering additional 
laser stimulations. A residual preference for the last reward quadrant was noted only during the first minute (N = 16). Stimulation trials 1 and 2 were 
averaged. Data are means + SD (two-way ANOVA followed by Bonferroni post hoc test). ****P < 0.0001. 


used, light pulses did not have any adverse ef- 
fects on the speed at which the mice explored 
the chamber (fig. S4, I to L) or on their motor 
coordination (fig. S4, M and N). 

The self-stimulation task described above is 
reminiscent of a real-time place preference. In 


Carta et al., Science 363, eaav0581 (2019) 


a subset of animals, we determined the length 
of time after the self-stimulation trial that the 
mice sought the reward quadrant by allowing 
them to explore the chamber without deliver- 
ing any stimulation pulses (V = 16; Fig. 3R). 
The mice preferred the prior reward quadrant 
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only for a brief period of time, and within min- 
utes they resumed unbiased exploration of all 
quadrants. 

In a slightly modified test, mice had to work 
harder to get repeated rewards. Mice only re- 
ceived one train of stimuli upon entry to the 
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reward quadrant. To receive the stimulation 
again, they had to leave the quadrant and re- 
enter it (Fig. 3, Ito K, and movie S1). With this 
paradigm as well, mice spent most of their 
time in the stimulation area (N = 17; Fig. 3, L, 
M, and Q), which suggests that activation of 
the cerebellar projections to the VTA is so re- 
warding that mice will readily and repeatedly 
work to self-stimulate. This is consistent with 
previous observations that rats self-stimulate 
their cerebellar nuclei (37). 

We used conditioned place preference to ex- 
amine the rewarding value of optogenetic ac- 
tivation of cerebellar axons in the VTA. Mice 
expressing ChR2 in their cerebellar axons could 
freely explore a rectangular experimental cham- 
ber, half of which was dark while the other half 
was brightly lit. Because mice naturally prefer 
dark places, they spent a larger fraction of time 
exploring the dark side of the chamber. The 
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mice then underwent conditioning whereby on 
alternate days they were confined to the bright 
chamber for 30 min and bilateral fiber optics 
targeting the VTA delivered 3-s trains of light 
stimuli at 20 Hz every 10 s to activate the ChR2- 
expressing cerebellar axons (N = 12; Fig. 4, A to C). 
After conditioning, mice were allowed to freely 
explore the entire chamber. Mice spent sub- 
stantially more time in the bright compartment 
of the chamber after conditioning (Fig. 4, D and 
E). GFP control mice were not affected by the 
conditioning and maintained their bias for the 
dark side (NV = 9; Fig. 4E). 


Cerebellar inputs to the VTA contribute 
to social behavior 


Cerebellar activation is observed in humans 
during social cognition tasks (52). Recent evi- 
dence has also demonstrated a role for the 
VTA in social behavior (34), although it is not 
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Fig. 4. Activation of cerebellar inputs to VTA promotes conditioned place preference. (A) ChR2 
was expressed in the DCN and fiber optics were bilaterally implanted targeting the VTA to allow 
optogenetic activation of cerebellar axons. (B and C) Experimental paradigm. Mice were tested in a 
conditioned place preference apparatus containing two chambers, differentiated by lighting 
conditions and walls of each chamber showing stripes of opposing orientations. On day 1, animals 
were allowed to freely explore the apparatus for 15 min to establish a baseline chamber preference. 
Beginning on day 2, mice were conditioned for 30 min per day, on 4 consecutive days, for 

3 weeks. Mice were alternately restricted to either the lighted or dark chamber. While confined to the 
lighted chamber, subjects received 3-s, 20-Hz trains of optical stimulation, repeating every 10 s 

for the duration of the session. No stimulation was delivered when the subjects were restricted to the 
dark chamber. Twenty-four hours after the final conditioning session, mice were again allowed to 
explore the entire apparatus without stimulation for 15 min. (D) During the baseline test, mice 
showed a marked preference for the dark chamber. This preference was noticeably reduced after 
conditioning. The heat maps depict the average sessions for all mice tested. (E) After conditioning, 
the mice changed their preference for the dark chamber [N = 13 (11 with bilateral and 2 with 
unilateral fiber optic implants)] versus the lighted one and, on average, showed a preference 

for the lighted chamber. GFP control mice that underwent the same conditioning treatment 
maintained their bias for the dark chamber (N = 10 before and after). Therefore, the optogenetic 
conditioning had a significant effect on the ChR2-expressing mice but not in the GFP-expressing 
mice. Data are means + SD (two-way ANOVA followed by Bonferroni post hoc test). 


**P < 0.01, ****P < 0.0001. 
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known which of the VTA inputs contribute to 
social behavior. We postulated that the cere- 
bellar projections to the VITA may contain 
information relevant for social behavior. His- 
torically, the cerebellum has been thought to 
be a neuronal learning machine (J, 53) whose 
function is to learn, and subsequently recognize, 
associations among a wide range of sensory and 
cortical information to predict the next set of 
“command” signals that are needed to coor- 
dinate body posture and movement. One can 
imagine that the same model can, in principle, 
be adopted to account for the nonmotor cog- 
nitive and behavioral functions of the cerebel- 
lum. For example, cerebellar circuitry could 
transform the wide-ranging information it 
receives into predictions about social reward 
likelihood. Given that the cerebellum receives 
inputs from virtually all sensory modalities and 
cortical regions, it certainly has the appropriate 
contextual information to perform such a task. 

We used the three-chamber social task (54), 
the most widely used and accredited test for 
social behavior, which has been routinely used 
to delineate social deficits in rodent models of 
ASD. A mouse freely explores three connected 
chambers. The central chamber is empty, whereas 
the two side chambers contain either an un- 
familiar juvenile mouse placed inside a small 
holding cage (the social chamber) or an empty 
holding cage (the object chamber). Mice actively 
explore all three chambers but typically spend 
the majority of their time in the social chamber 
(54). We postulated that cerebellar inputs to the 
VTA may provide information that contributes 
to, or at the very least is relevant for, expression 
of social behavior. We therefore optogenetically 
inhibited the activity of cerebellar axons in the 
VTA as mice performed the task (Fig. 5 and 
figs. S6 and $7, A to C). 

In one group of mice, we injected a virus 
(AAV5-CAG-ArchT-GFP) containing archaerho- 
dopsin (ArchT) into the cerebellum, and bilat- 
erally implanted fiber optics that targeted the 
VTA. In baseline conditions, the mice preferred 
to spend more time in the social chamber than 
in the object chamber. Once we had estab- 
lished the baseline, we optogenetically silenced 
the Cb-VTA projections when the mice entered 
the social chamber (Fig. 5, A to C). When cere- 
bellar axons in the VTA were optically silenced, 
the mice no longer showed a preference for the 
social chamber and spent equal time in the so- 
cial and object chambers (NV = 11; Fig. 5, D to F). 
There was no change in the social preference of 
control GFP-expressing mice tested under iden- 
tical conditions (Fig. 5F). 

A similar outcome would be expected if silenc- 
ing of the Cb-VTA projection is aversive. Direct 
inhibition of VTA neurons is aversive (55). It is 
possible that a continuous input from the cere- 
bellum to the VTA might be required to sustain 
spontaneous activity of VTA neurons. Thus, by 
inhibiting the activity of the Cb-VTA pathway in 
the social chamber, we might have thus prompt- 
ed the mice to spend less time in the social 
chamber. We therefore used the “self-stimulation” 
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paradigm described earlier to explore whether 
mice find silencing of this pathway aversive. We 
used the same protocol described earlier, except 
that we expressed ArchT rather than ChR2 in the 
cerebellar axons. We allowed ArchT-expressing 
mice to freely explore the open field chamber, 
and then optically silenced the Cb-VTA projec- 
tions every time the mouse entered a randomly 
assigned quadrant. Inhibition of this pathway 
had no impact on exploration of the mice; the 
mice spent equal time in all quadrants, which 
suggests that inhibition of Cb-VTA projections 
is neither aversive nor rewarding (N = 7; fig. $5). 

In a second set of three-chamber test expe- 
riments, we inhibited the Cb-VTA projection 
for the full duration of the task. With the path- 
way silenced throughout the test, even if silenc- 
ing is aversive, one should not see a preferential 
reduction in the time spent in the social cham- 
ber because the alleged aversive stimulus is con- 


tinuously present in all three chambers. However, 
if the inputs from the cerebellum to the VTA are 
required for expression of social behavior, silenc- 
ing the pathway in all chambers throughout the 
task might be expected to be as effective as silenc- 
ing it only when the mice enter the social cham- 
ber. Indeed, optogenetically silencing the Cb-VTA 
projections continuously was as effective in pre- 
venting the expression of the social behavior in 
the three-chamber task as when the optical in- 
hibition was applied only when the mouse was 
in the social chamber (NV = 23; Fig. 5, C to F). 
These experiments indicate that cerebellar in- 
puts to the VTA are necessary for the mice to 
show social preference. 

In these experiments, the inhibition of cere- 
bellar inputs to the VTA seems to selectively 
inhibit social behavior and not exploratory be- 
havior in general. The mice continued to explore 
the two side chambers and spent relatively little 


time in the center chamber, similar to their per- 
formance under baseline conditions. Moreover, 
inhibiting the pathway did not have a significant 
effect on the number of entries that the mice 
made to each compartment, nor on the amount of 
time that they spent grooming (Fig. 5, G and H). 
We also examined whether optogenetic ac- 
tivation of the cerebellar axons in the VTA when 
the mice entered the object chamber increased 
the fraction of time they spent in that chamber. 
In a group of mice, we expressed ChR2 in the 
cerebellum and, as before, implanted fiber optics 
targeting the VTA (N = 15; Fig. 6A and fig. S7, D 
to F). Once we had established the baseline, we 
optogenetically manipulated the Cb-VTA projec- 
tions by ensuring that every time the test mouse 
entered the object chamber, it received a train 
of light pulses to activate the cerebellar axons 
in the VTA. The stimulation was repeated 
every 10 s if the animal remained in the object 
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Fig. 5. Manipulating the activity of cerebellar axons in the VTA alters 
social preference. (A) ArchT was expressed in the DCN and fiber optics 
were bilaterally implanted targeting the VTA to allow optogenetic inhibition 
of cerebellar axons. (B and C) Experimental paradigm. Mice were tested 
using a three-chamber social task. Mice were allowed to approach a 
juvenile confined to one side chamber or an object placed on the opposite 
side chamber. On the first trial day, the mice explored the chambers at 
will. On the second day, a continuous light was delivered to inactivate the 
cerebellar axons in the VTA whenever the mouse visited the mouse 
chamber and was terminated immediately if the mouse exited the 

mouse chamber. On the third trial day, the mice were allowed to explore 
the chamber again while receiving continuous light independently of their 
location in the apparatus and for the entire 10-min trial. (D and E) Position 
heat maps for a single mouse (D) and average for all mice (E) during social 
interaction, in the absence (top row) and in the presence of optogenetic 
inhibition of cerebellar axons in the VTA in the mouse chamber (middle row) 
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or in the entire field (bottom row). (F) Optogenetic inhibition of cerebellar 
axons in the VTA while the animal explored the mouse chamber made the 
mouse chamber less attractive than on day 1 (days 1 and 2; N = 11). 
Optogenetic inhibition delivered throughout the three chambers similarly 
decreased the preference for the social compartment (day 3; N = 20). 
Data are means + SD (regular and repeated-measures two-way ANOVA 
followed by Bonferroni post hoc test). (G) Inhibition of cerebellar axons in 
the VTA while the animal explored the mouse chamber slightly increased 
the number of entries in the object chamber (N = 11); however, the number 
of entries in both chambers were not significantly affected by continuous 
light inhibition throughout the apparatus (N = 20). Data are means + SD 
(two-way ANOVA followed by Bonferroni post hoc test). (H) Inhibition 

of cerebellar fibers in the VTA as the mice performed the three-chamber 
social task did not affect grooming time (N = 23). Data are means + SD 
(two-way ANOVA followed by Bonferroni post hoc test). *P < 0.05, 
****P < Q.0001. 
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Fig. 6. Three-chamber social test: Optogenetic stimulation in the 
object compartment. (A) ChR2 was expressed in the DCN and fiber 
ptics were bilaterally implanted targeting the VTA to allow optogenetic 
ctivation of cerebellar axons. (B) Stimulation paradigm. A train of 1-ms 
ptical light pulses (20 Hz for 3 s) was delivered to activate the cerebellar 
xons in the VTA whenever the mouse entered the object chamber. This 
ptical train was repeated every 10 s as long as the mouse remained in the 
bject chamber, and was terminated immediately if the mouse exited the 
bject chamber. (C) Experimental paradigm. Mice were tested using a 
three-chamber social task. Mice were allowed to approach a juvenile 
confined to one side chamber or an object placed on the opposite side 
chamber. On the first trial day, the mice explored the chambers at will. On 
the second day, mice received optogenetic stimulation in the object 
chamber as described in (B). (D and E) Position heat maps for a single 
mouse (D) and average for all mice (E) during social interaction, in the 
absence (left) and in the presence of optogenetic activation of cerebellar 
axons in the VTA (right) in the object chamber. (F) On day 1, during baseline 
testing, all groups preferred spending time in the mouse chamber rather 
than in the object chamber (ChR2, N = 15, GFP N = 12). On day 2, 
optogenetic activation of cerebellar axons in the VTA while the animal 
explored the object chamber made the object chamber slightly more 
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chamber, and immediately terminated if it left 
the chamber (Fig. 6, B and C). Mice showed 
slightly greater preference for the object cham- 
ber and spent less time investigating the juvenile 
mouse in the social chamber, which suggests 
that stimulation of the VTA can be at least as 
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rewarding as socialization (Fig. 6, D to F). In 
control GFP-expressing mice, stimulation did not 
affect performance in the three-chamber task 
(N = 12; Fig. 6F). Although the stimulation par- 
adigm showed a trend toward slightly decreased 
grooming time, it did not affect exploration as 
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attractive than the social chamber housing the juvenile mouse (N = 15). 
The same treatment did not produce any change in preference in sham GFP 
mice (N = 12). Data are means + SD of time spent in the three chambers 
(two-way ANOVA followed by Bonferroni post hoc test). (G) Activation 

of cerebellar axons in the VTA while the animal explored the mouse 
chamber did not affect the number of entries in the social or in the object 
chamber (N = 15). Similarly, sham GFP mice were not affected by 

the laser stimulation (N = 12). Data are means + SD (two-way ANOVA 
followed by Bonferroni post hoc test). (H) Activation of cerebellar 

fibers in the VTA as the mice performed the three-chamber social task 
slightly decreased grooming time relative to baseline, although not 
significantly (N = 15). Grooming was not affected by laser stimulation 

in the GFP group (N = 12). Data are means + SD (two-way ANOVA 
followed by Bonferroni post hoc test). (1) Mice were allowed to freely 
interact with a juvenile mouse in an open field and received trains 

of stimulation every 10 s for 10 min. (J to M) Activation of cerebellar fibers in 
the VTA while the mice were free to interact in an open field did not 
significantly affect nose-nose (K) or nose-body interactions (L), 

following behavior (M), or total investigations (J) in ChR2-expressing 

mice (N = 7) relative to GFP-expressing mice (N = 8). *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001. 


measured by the number of entries to each 
compartment (Fig. 6, G and H). 

These results might support the hypothesis 
that stimulation of the Cb-VTA projections is 
sufficient to promote social behavior. However, 
mice found stimulation of this pathway to be 
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rewarding in general and, as described earlier, 
self-stimulated. Thus, the fact that in the three- 
chamber test the mice spent more time in the 
object chamber when the pathway was opto- 
genetically stimulated could be simply a manifes- 
tation of a form of self-stimulation. We therefore 
examined whether optogenetic activation of 
the Cb-VTA projection while the test mouse 
explored an open field promoted social inter- 
actions with an unfamiliar juvenile mouse. There 
was no evidence that optogenetic activation of 
the Cb-VTA projection, on its own, promoted 
social interactions (Fig. 6, I to M). This implies 
that in the three-chamber test, the mice spent 
equal time in the social and object chambers 
when the Cb-VTA projection was optogenetically 
activated not because the pathway is prosocial 
on its own, but perhaps because activation 
of this pathway can be as rewarding as social 
interaction. 

Collectively, the data suggest that the cere- 
bellar projections to the VTA provide informa- 
tion that is necessary, but not sufficient, for 
expression of social behavior. This is in contrast 
to projections made by the paraventricular nu- 
cleus oxytocin-releasing neurons, whose activity 
and release of oxytocin in the VTA is both re- 
quired and sufficient for prosocial behavior (55). 


The cerebellar inputs to the VTA are 
more active during social exploration 


To further delineate the role of Cb-VTA pro- 
jections in social behavior, it would be instruc- 
tive to examine the activity of the relevant 
cerebellar projection neurons as the animal 
performs a social task. Because it is not cur- 
rently feasible to identify and electrophysio- 
logically monitor the activity of cerebellar neurons 
that project to the VTA, we used fiber photometry 
to monitor changes in calcium in cerebellar axons 
in the VTA as a proxy for neuronal activity. The 
genetically encoded calcium indicator GCaMP 
was expressed in the deep cerebellar nuclei, and 
an imaging fiber optic was implanted in the 
VTA (Fig. 7A, top). We first established that 
electrical stimulation of the cerebellum while 
monitoring GCaMP-expressing axons in the 
VTA elicited robust calcium transients (fig. S8, 
B to E). Using the three-chamber social task, 
we then monitored the changes in the calcium 
concentration in cerebellar axons in the VTA 
as the mice performed the task (Fig. 7A, bot- 
tom). The calcium levels in the cerebellar axons 
were higher when mice explored the social cham- 
ber (N = 8; Fig. 7, B and C, and fig. S8G). 
Different mice show varying levels of social 
behavior. We explored whether the average cal- 
cium levels in the cerebellar axons in the VTA 
correlated with the fraction of time that each 
mouse spent in the social chamber. There was a 
clear correlation with the extent of activity in 
the Cb-VTA pathway and social preference 
(Fig. 7D and fig. SSH). Averaging the fluores- 
cence in each chamber revealed that there was 
significantly greater activity in the social and 
center chambers relative to the object chamber 
(Fig. 7E and fig. S8G). Imaging of control mice 
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expressing GFP instead of GCaMP in cerebellar 
axons in the VTA did not show the same trend 
(N = 7; fig. S8J). Collectively, the data suggest 
that the cerebellum dynamically encodes social- 
related signals and relays them to the VTA to 
modulate behavior. 


Discussion 

Our results demonstrate a robust projection 
from the cerebellum to the VTA, which is pow- 
erful enough to modulate reward-driven behav- 
ior. This pathway likely constitutes one of the 
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projections that enable the cerebellum to con- 
tribute to nonmotor behaviors and, speculatively, 
may indeed be an important substrate for its 
role in addictive behaviors (2-4). The role of the 
VTA in addictive behaviors is well established 
(37), and although the cerebellum is known to 
encode reward-related information (32, 33), the 
exact nature of the information that the cere- 
bellum contributes to the reward circuitry re- 
mains to be uncovered. 

The Cb-VTA pathway was more active when 
the mouse explored the social chamber in a 
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Fig. 7. Calcium activity in cerebellar axons in the VTA increases as the mice explore the social 
chamber. (A) Fiber photometry was used to monitor activity of cerebellar axons in the VTA. 
GCaMP6 was expressed in the DCN and an imaging fiber-optic was implanted in the VTA. Mice 
were tested on the same three-chamber social task described in Fig. 5, and changes in 

GCaMP6 fluorescence in the axons were monitored. (B and C) Mice showed greater GCaMP6 
fluorescence in cerebellar axons while they explored the social chamber. (B) Single-trial 

example. (C) Group average of the photometry session (N = 8). Top row: Total GCaMP fluorescence 
with respect to position in the chamber. Bottom row: Time spent by the mouse with respect 

to position in the chamber during the test. (D) Average GCaMP fluorescence per position 

pixel in the social chamber correlated with the percent of time spent in the social chamber 

for each mouse (N = 8, R = 0.904). (E) Average GCaMP fluorescence per position was greater 

in the social chamber than in the object chamber. Fluorescence values for each chamber 

in the fluorescence heat maps in (C) were averaged and normalized to the fluorescence in the 
object chamber. There was significantly greater fluorescence in the social and central 

chambers between GCaMP-expressing mice (N = 8) and GFP-expressing mice (N = 7). 

Within the GCaMP group, there was significantly greater fluorescence between the social 

and central chambers relative to the object chamber (two-way ANOVA followed by Bonferroni 


post hoc test). *P < 0.05. 
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three-chamber social task. This input may be 
a necessary, but not sufficient, component of 
social behavior. Surgical cerebellar resections 
in adults can result in significant changes in 
social behavior, cognition, and emotional re- 
sponses of the patients (7). The VTA affects so- 
cial behavior via its connections with the nucleus 
accumbens (34). Thus, our findings indicate that 
some of the cerebellar projections probably con- 
tact the VTA neurons that project to the nucleus 
accumbens. 

Our conclusions heavily rely on the use of 
optogenetics in vivo. By stimulating the cere- 
bellar axons in the VTA, we reduced, as much 
as possible, unintentional nonspecific activa- 
tion of other pathways. We cannot rule out the 
possibility that some of the behavioral effects 
might be the consequence of backpropagation 
of action potentials in the activated cerebellar 
axons and subsequent activation of other brain 
regions targeted by potential (unknown) collat- 
erals of the Cb-VTA projection. However, slice 
recordings unambiguously showed the presence 
of strong, functional, monosynaptic projections 
from the cerebellum to the VTA. The most 
parsimonious interpretation of our data is 
that cerebellar activation of the VTA plays a major 
role in the behaviors examined here. Moreover, 
the silencing experiments using the inhibitory 
opsins do not suffer from the same caveat, thus 
supporting our conclusions. 

It remains unclear whether the information 
encoded by the cerebellum and conveyed to the 
VTA is related to recognition of a reward cue, or 
to the reward associated with the cue. Some 
have hypothesized that the cerebellum may re- 
fine higher-order functions and behaviors as it 
refines movements (13, 56). We favor the pos- 
sibility that the cerebellar circuitry transforms 
the wide-ranging information it receives into 
predictions about reward likelihood, thereby 
encoding information that is necessary for ex- 
pression of some forms of behavior. To differ- 
entiate between these hypotheses, and to unravel 
how the cerebellum contributes to reward pro- 
cessing and social behavior, will require a better 
understanding of the nature of the information 
encoded and conveyed from the cerebellum to 
the VTA and other related brain structures. 

Our experimental approach treated all cere- 
bellar projections to the VTA as a single unit. 
However, it is likely that the Cb-VTA projec- 
tion neurons originate from different parts of 
the cerebellum, select neuron types within the 
cerebellar nuclei, follow a specific connectivity 
pattern with the neurons within the VTA, and 
convey different information. The available 
data suggest that all cerebellar nuclei rather 
diffusely contribute to the Cb-VTA projections 
(44, 46, 47, 57). Nonetheless, it is plausible that 
a subset of neurons that form the cerebellar 
projections to the VTA may selectively contact 
the neurons that project to the nucleus accum- 
bens and affect social behavior, others target VTA 
neurons that project to the prefrontal cortex, and 
yet others form synapses with VTA neurons that 
deal with other forms of reward processing. 


Carta et al., Science 363, eaav0581 (2019) 


Although our data support the function of the 
Cb-VTA pathway in sociability and reward, this 
does not exclude the possibility that other struc- 
tures are also involved, nor does it limit the 
functions of this pathway to just those described. 
The VTA, for example, also sends dopaminergic 
projections to the prefrontal cortex, and selective 
activation of this pathway in mice can be aversive 
(34). We did not explore this possibility, but it is 
plausible that the cerebellar projections to the 
VTA also target the neurons that project to the 
prefrontal cortex, thus providing a route by 
which the cerebellum can affect dopamine 
levels in the prefrontal cortex. Further study of 
these pathways should delineate the functions 
of different outputs from the cerebellum to 
provide points of intervention for management 
of related disorders. Regardless, these are ex- 
citing times for cerebellar research, and it is clear 
that further studies will unveil more circuits 
by which the cerebellum contributes to our 
behaviors. 
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Luminescence and reactivity of a 
charge-transfer excited iron complex 
with nanosecond lifetime 
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lron’s abundance and rich coordination chemistry are potentially appealing features for 
photochemical applications. However, the photoexcitable charge-transfer states of most 

iron complexes are limited by picosecond or subpicosecond deactivation through low-lying 
metal-centered states, resulting in inefficient electron-transfer reactivity and complete lack of 
photoluminescence. In this study, we show that octahedral coordination of iron(IIl) by two 
mono-anionic facial tris-carbene ligands can markedly suppress such deactivation. The resulting 
complex [Fe(phtmeimb)2]*, where phtmeimb is {phenyl[tris(3-methylimidazol-1-ylidene)] 
borate} , exhibits strong, visible, room temperature photoluminescence with a 2.0-nanosecond 
lifetime and 2% quantum yield via spin-allowed transition from a doublet ligand-to-metal 
charge-transfer (7LMCT) state to the doublet ground state. Reductive and oxidative electron- 
transfer reactions were observed for the LMCT state of [Fe(phtmeimb),]* in bimolecular 
quenching studies with methylviologen and diphenylamine. 


hotoactive transition metal complexes play 

an important role in processes ranging 

from solar light harvesting (J-3) and light- 

emitting technology (4) to photocatalysis 

(5) and photodynamic therapy (6). Such 
applications almost always rely on charge- 
transfer (CT) excited states with sufficient life- 
time and energy to drive electron transfer and 
visible light emission. Iron complexes provide 
an earth-abundant and environmentally benign 
alternative to noble metal systems (7) but have 
until recently been limited by subpicosecond de- 
activation of their CT states (8) to low-energy 
metal-centered (MC) states (9-12). These dynamics 
arise from the moderate ligand field splitting 
of Fe complexes with commonly used oligopyridyl 
ligands (8, 17, 12). Early work on Fe-centered 
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oligopyridyl systems suggested the involvement 
of MC states with nanosecond lifetime in electron- 
transfer reactions (13). However, these results were 
later shown to be incompatible with the excited- 
state dynamics of the systems (14); the MC states 
are now generally considered too low in energy to 
participate in photochemistry of interest. Efforts to 
develop Fe-centered photofunctional systems have 
therefore focused on inhibiting the ultrafast CT — 
MC transitions (8). 

We recently showed that strongly electron 
donating N-heterocyclic carbene (NHC) ligands 
raise the energy of MC states relative to CT states 
of iron complexes, thereby increasing the life- 
time of the excited CT states (15). For Fe"! com- 
plexes with four NHC moieties and two pyridine 
moieties, we and others have recently demon- 
strated triplet metal-to-ligand charge-transfer 
(MLCT) state lifetimes of a few tens of pico- 
seconds (15-17), thereby crossing the threshold for 
efficient interfacial electron injection from surface- 
bound Fe photosensitizers to a TiO, electrode (77). 

To further increase the lifetime of the CT 
states in iron complexes, we very recently sat- 
urated the iron center with six coordinating 
NHC moieties, leading to the [Fe(btz),]?*/** 
complex [btz, 3,3’-dimethyl-1,1’-bis(p-tolyl)- 
4,4'-bis(1,2,3-triazol-5-ylidene)]. This complex fea- 
tured order-of-magnitude-higher charge-transfer 
lifetimes in both its Fe'” [100-ps ligand-to-metal 
charge-transfer ?LMCT)] and Fe” (528-ps 2>MLCT) 
states (18, 19). Moreover [Fe(btz)3]°* exhibited 
room temperature photoluminescence (PL) from 
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a CT state in the visible regime, albeit with an 
extremely low quantum yield (0.03%). The pico- 
second CT lifetimes still preclude most light- 
harvesting and light-emitting applications, but 
these results suggested that further improvements 
of Fe" and Fe™ complexes are notable in the 
broader context of development of photoactive 
and photoluminescent 3d° and 3d° complexes, 
respectively (20, 21). 

We identified maximal ligand field strength 
and an optically allowed lowest CT excited state 
(8, 19) as key design elements for extending 
lifetimes and further increasing PL. For superior 
ligand field strength, we targeted anions for even 
more pronounced o-donor ability. Near-perfect 
octahedral coordination capability (22-24) was 
another factor that drew us to the tridentate 
facial NHC ligand {pheny]l[tris(3-methylimidazol- 
l-ylidene)]borate} (phtmeimb ) (25). This ligand 
has very recently been shown to support weak 
low-temperature solid-state LMCT and d-d emis- 
sion in the d? complex [Mn'(phtmeimb), (OTP). 
(OTF, triflate) (26). 

In this study, we demonstrate that the com- 
bination of a 7LMCT lowest excited state with 
the exceptional electronic and steric properties 
of the phtmeimb™ ligand results in a [Fe 
(phtmeimb),]PF,; complex featuring a CT state 
with nanosecond lifetime. [Fe (phtmeimb).]PF¢ 
was efficiently synthesized from Fe" Br, and in 
situ generated tris-NHC-carbene (phtmeimb)™ 
as illustrated in Fig. 1A. During the workup 
procedure in air, Fe” is spontaneously oxidized 
to Fe", resulting in an analytically pure product 
(see supplementary materials). Counterion metath- 
esis with NaBPh, provided access to the correspond- 
ing BPh, salt (Ph, phenyl). The oxidation state 
of iron in both complexes was confirmed by 
single-crystal x-ray diffraction analysis. The cation 
in both [Fe'"(phtmeimb), JX [X = PF, (Fig. 1B) or 
BPh, ] salts displays a near-perfect octahedral geo- 
metry (table S4) in contrast to [Fe(btz)3](PF¢)3 (29). 

MO6f§bauer spectroscopy and magnetometry 
identified the ground state of the isolated sample 
of [Fe (phtmeimb).|PFs as low spin (S = %), 
containing <1% Fe" (figs. S12 to S14). Surprisingly, 
but similar to some low-spin Fe"'-porphyrin 
complexes (27), the ‘H nuclear magnetic res- 
onance (NMR) spectrum of the paramagnetic 
[Fe™(phtmeimb).]PF, in CD,CN shows narrow 
peaks (<15 Hz at 298 K) (table S1), whereas the 
X-band electron paramagnetic resonance (EPR) 
spectrum in frozen solvent glasses at T = 4 to 
20 K displays no distinct assignable bands (see 
the supplementary materials section). 

Cyclic voltammetry of [Fe"(phtmeimb),]* 
(Fig. 2A) illustrates that both reduction to Fe” 
and oxidation to Fe!” are reversible, with half- 
wave potentials of Ey, = —1.16 and 0.25 V versus 
Ferrocene (Fc), respectively. The pronounced 
shift toward negative potentials compared with 
potentials of previously reported Fe-NHC complexes 
(15, 17, 19) illustrates the exceptionally strong 
electron donor properties of the negatively charged 
tris-NHC ligands. Further oxidation of the Fe'” 
complex at 1.67 V is irreversible (fig. S17). Pre- 
vious observation of irreversible oxidation of 
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[Fe(btz)3]?* (19) at very similar potential indicates 
the assignment of this process to ligand oxidation 
as the potentials of metal-centered couples are 
lowered substantially by the phtmeimb ligand. 
With this assignment, the electrochemical po- 
tentials agree consistently with the energies of 
the LMCT transitions found for [Fe(btz)3]** (19) 
and the Fe" and Fe’ states of [Fe'"(phtmeimb),] 
(see fig. S18 and associated discussion). Reduction 
of the Fe” complex does not occur within the 
solvent-electrolyte potential window, demonstrat- 
ing that the ligand reduction potential is below 
-3.3 V, which is again consistent with the inter- 
pretation of the electronic spectra (see supple- 
mentary materials). 

The visible absorption spectrum of 
[Fe(phtmeimb),]* in acetonitrile (Fig. 2B, 
left curve) is dominated by a single band 
peaking at 502 nm (molar decadic absorption 
coefficient €max = 2950 M' cm™) with a minor 
shoulder around 545 nm. This band is bleached 
upon oxidation and reduction of the metal 
center, and its energy matches relatively well 
the difference in electrochemical potential be- 
tween the Fe"'-Fe"™ couple and ligand oxida- 
tion. The lowest-energy absorption band of 
[Fe(phtmeimb).]* is therefore assigned to a 
LMCT transition. 

Excitation of [Fe(phtmeimb),]" in acetonitrile 
with visible light below 600 nm results in strong 
orange PL (Fig. 2C). The spectral profile of the PL 
shown in Fig. 2B, right, peaks at 655 nm and has 
no appreciable structure besides a broad shoulder 
around 620 nm, which mirrors the LMCT absorp- 
tion band of the complex. The PL intensity tracks 
the absorption cross section throughout the vis- 
ible region, as illustrated by the superimposable 
absorption and excitation spectra (red circles 
in Fig. 2B). 


Fig. 1. Synthesis and structure of 
[Fe(phtmeimb)2]PF¢. (A) Synthetic 
route: 1, precipitation with tetra-n-butyl- 
ammonium bromide in acetone; 2, 
dissolution in water and precipitation 
with ammonium hexafluorophosphate; 
3, dissolution in tetrahydrofuran 

under No, then cooling to -78°C and 
addition of tert-butoxide; 4, addition 
of FeBro, stirring under No at room 
temperature for 24 hours. (B) X-ray 
crystal structure. Thermal ellipsoids 
are shown at 50% probability with 
the six Fe—C bonds highlighted in 
black and gray stripes. Hydrogen atoms, 
counterions, and solvent molecules 
are omitted for clarity. Fe, orange; 

B, purple; N, blue; C, black. 
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The measured emission quantum yield of 
[Fe(phtmeimb),]* in air-saturated dry acetonitrile 
at room temperature was 2.1% (®, = 0.021 + 
0.002). Notably, this value is a factor of 70 higher 
than the quantum yield measured for [F e(btz)3]** 
(19) and is even slightly higher than the 1.8% 
quantum yield of the prototypical transition metal 
photosensitizer [Ru(bpy)3]°* (bpy, 2,2’-bipyridine) 
under air-saturated conditions, used as reference 
for the quantification (28). The emission decay 
kinetics measured by time-correlated single- 
photon counting (TCSPC) (Fig. 3A) show a single 
exponential with a lifetime of t = 1.96 + 0.04 ns, a 
factor of 20 longer than t observed in [Fe(btz)3]?* 
(19). The photophysical properties of [Fe(phtmeimb),]*, 
[Fe(btz)3]°*, and [Ru(bpy)3]°* are compared in 
Table 1. 

Taken together, the emission quantum yield 
and excited-state lifetime provide a radiative rate 
constant of k, = ®,/t = 11+ 0.2 x 10’s"!. The good 
agreement of this value with the approximate 
radiative rate constant k, = 1.5 x 10’s~! estimated 
from the integrated extinction coefficient A 
(Table 1) of the LMCT band via the Strickler-Berg 
relationship strongly suggests that the emission 
occurs directly from the 7LMCT state. Thus, 
the intersection of the normalized absorption 
and emission bands at 582 nm provides the 
energy of the °LMCT excited state, Eo.o = 2.13 eV 
(17,200 cm7'). From the photophysical param- 
eters, the 70-fold increase in emission quan- 
tum yield from 0.03% for [Fe(btz)3]°* to 2.1% for 
[Fe(phtmeimb).]* can be rationalized in terms 
of a 20-fold slower nonradiative decay (Ky; = 
[1 - ®,]/t) and a 3.5-fold faster radiative rate 
constant (k, = ,/t). 

The transient absorption (TA) spectra of 
[Fe(phtmeimb),]* recorded after excitation of the 
LMCT band at 500 nm are dominated by excited- 


state absorption (ESA) below 450 nm and exhibit 
a clear stimulated emission band between 600 
and 800 nm. The ESA can be attributed to the 
transiently reduced iron center of the 7>LMCT 
state. The stimulated emission indicates that the 
ground-state recovery is spin allowed, offer- 
ing further support for the 7LMCT assignment of 
the excited state (see supplementary mate- 
rials). The TA decay kinetics of [Fe(phtmeimb),]* 
(Fig. 3A, green) are in perfect agreement with the 
TCSPC results. 

The long-term photostability of [Fe(phtmeimb),]* 
was measured and compared with that of 
[Ru(bpy)3]°* by irradiating aerated acetonitrile 
solutions of both complexes with an 11-W com- 
pact fluorescent lamp for a total of 156 hours 
and measuring the absorption and emission spectra 
at intervals during this time period. Whereas clear 
signs of degradation set in for [Ru(bpy)3]°* after 
48 hours, the [Fe(phtmeimb),]* sample was virtu- 
ally unchanged throughout the 156-hour exper- 
iment (figs. S21 and S22). 

Density functional theory (DFT) revealed the 
minimum energies of the “MC and °MC states of 
[Fe(phtmeimb),]* (Fig. 3B) that are destabilized 
by 13 and 23% with respect to the ground-state 
minimum as compared with the previously re- 
ported [Fe(btz)3]?* (19). The increased energies 
of the MC states together with the fact that the 
°LMCT states are isoenergetic within the exper- 
imental uncertainty for the two systems suggest 
that the increase in the experimentally observed 
lifetime is related to an effective increase of the 
activation barrier for the decay of the 7LMCT state 
into the “MC state. 

Temperature-dependent emission lifetime 
measurements (fig. S23) show that the excited- 
state lifetime of [Fe(phtmeimb).]* increases by a 
factor of 4 (from 2.0 to 7.8 ns) upon decreasing 
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the temperature to 100 K, in near-perfect agree- 
ment with the behavior of [Fe(btz)s]**. Fitting 
the temperature-dependent lifetimes by an 
Arrhenius model retrieves an activation barrier 
of 3 kJ mol” and preexponential factor of 1 x 
10° s-|, suggesting that for the decay channels 
that dominate this temperature dependence, the 
energy barriers for deactivation of [Fe(phtmeimb),]* 


A 


and [Fe(btz)3]?* are almost identical but that the 
preexponential factor for [Fe(phtmeimb).]* is 
lower. It is thus the decreased preexponential 
factor for the transition that results in an increased 
lifetime, and we tentatively ascribe this to an effec- 
tive reduction of the crossing frequency from the 
°LMCT state to the “MC state, owing to the com- 
bined effect of several structural factors, including 


the higher symmetry and tighter spatial confine- 
ment of the [Fe(phtmeimb),]* ligand system. 
With excited-state redox potentials of E°(III*/ 
II = 1.0 Vand E°(IV/III*) = -1.9 V versus Fc [1.6 V 
and -1.3 V versus NHE (normal hydrogen elec- 
trode)], the 7LMCT state should be potent as both 
a photo-oxidant and photoreductant; furthermore, 
its nanosecond lifetime should enable efficient 
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Fig. 2. Electrochemistry and spectroscopy of [Fe(phtmeimb)2]* in dry, air-saturated acetonitrile at room temperature. (A) Cyclic and differential pulse 
voltammetry. (B) Optical absorption (left black curve), normalized PL (right black curve), and normalized excitation spectra (red circles). (C) Visible 
orange PL of 50 uM [Fe(phtmeimb).]* in dry, air-saturated acetonitrile upon 532-nm excitation. 
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Fig. 3. Excited-state dynamics and computational analysis of 
[Fe(phtmeimb)2]* photophysics. (A) Time-correlated single-photon 
counting data (black, left y axis), transient absorption data at 390 nm 
(green circles, right y axis), and monoexponential fit of 1.96 + 0.04 ns (red). 
a.u., arbitrary units; O.D., optical density. (B) Potential energies and Fe—C 


equilibrium bond lengths (Q) for relevant electronic states of [Fe(phtmeimb)z]* 
(triangles) and potential surfaces (lines) drawn through the energy of 
each state at the geometry of the two other states (circles). The 7LMCT 
surface was extrapolated from the ground-state (GS) shape and experi- 
mental energy as described in the supplementary materials section. 


Table 1. Photophysical parameters of [Fe(phtmeimb),]*, [Fe(btz)3]°*, and [Ru(bpy)3]*" in air-saturated acetonitrile at room temperature. [Fe(btz)3]°* data 
are from (19); [Ru(bpy)3]°* data are from (28, 34). Amax.abs, Maximum absorption wavelength; Amaxemiss: Maximum emission wavelength; t, CT excited-state lifetime. 


Complex 


Amax,abs (Emax) [nm (107 - M* cm™)] 


Amax,emiss [nm] A [107 -M? cm™2] 


k, [108s] kp, [107s] 


+ [ns] ©, [%] 


502 (3.0) 


[Fe(phtmeimb)2]" 


[Fe(btz)3]°* 


558 (1.2) 


0.47 


4 990 0.1 


[Ru(bpy)3]** 


452 (14.6) 


625 15) 


*Parameters for oxygen-free acetonitrile solution of [Ru(bpy)3]°*. 
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Fig. 4. Reactivity of the 2LMCT excited state of [Fe(phtmeimb)2]* toward electron donors 
and acceptors. Emission quenching was monitored by emission lifetime (TCSPC traces with 
exponential fits) and steady-state emission spectra (insets) for increasing concentrations 

(black to cyan) of (A) diphenylamine donor (0, 0.005, 0.01, 0.02, 0.05, 0.1, and 0.2 M) and 

(B) methylviologen acceptor (0, 0.01, 0.025, 0.05, 0.1, 0.25, and 0.5 M) in acetonitrile. 

(C) Stern-Volmer plots for steady-state intensity (open symbols) and lifetime data (solid symbols) 
from quenching experiments with diphenylamine (triangles) and methylviologen (circles). 

(D) Transient absorption spectra after laser flash excitation (465 nm) of [Fe(phtmeimb).]*, 
monitoring products of oxidative quenching by methylviologen (0.25 M) 500 ns after excitation 
(black) and of reductive quenching by diphenylamine (0.2 M) 100 ns after excitation (red). 


bimolecular electron transfer as long as rate 
constants are not too far from their diffusion- 
controlled limit. The reactivity of the 7>LMCT 
state toward both electron donors and acceptors 
was studied by monitoring the impact of the 
quenchers on both steady-state emission inten- 
sity as well as emission lifetime (Fig. 4, A and 
B). The methylviologen dication (MV7*) and 
arylamines such as diphenylamine (DPA) are 
widely used electron-transfer quenching agents 
with suitable redox properties. The observed emis- 
sion quenching results were attributed to oxidative 
and reductive electron transfer, respectively, gen- 
erating [Fe'’(phtmeimb).]°* and MV** (change 
in Gibbs free energy AG® = —1.08 eV) in the former 
case and [Fe"(phtmeimb).] and DPA** (AG®° = 
—0.55 eV) in the latter. 

Bimolecular quenching rate constants in ace- 
tonitrile for dynamic quenching were determined 
from Stern-Volmer plots of emission lifetimes t9/t 
(Fig. 4C); rates were diffusion controlled for DPA 
(kg = 14 x 10 M7 s') and only somewhat 
lower even for MV* (kg = 2.7 x 10° M's"). 
Although no indications of ground-state com- 
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plexation were observed with MV”*, additional 
static quenching by DPA was evident from the 
curved Stern-Volmer plot of steady-state inten- 
sities [,/I. With both quenchers, the formation of 
electron transfer products was unambiguously 
confirmed by transient absorption spectroscopy 
(Fig. 4D). Spectra after quenching by DPA show 
characteristic absorption of the donor cation 
radical peaking at 680 nm (29) and of the Fe” 
state rising toward the ultraviolet region (<420 
nm) (see also fig. $18). Also quenching by MV7* 
resulted in transient absorption spectra that 
display the well-known absorption features of 
the acceptor radical MV** (at 396 and 606 nm) 
(30) together with the broad 700-nm band of 
the Fe(IV) complex (see fig. S18). In the flash 
photolysis experiments, the excited state at an 
initial concentration of ~1.5 x 10° M (determined 
by actinometry with [Ru(bpy)3]°*) was quenched 
with efficiencies of ~0.7 by 0.25 M MV** and 
nearly unity by 0.2 M DPA. From the initial con- 
centrations of MV™* (Aeg9g = 41,800 M* cm’) 
(30) and DPA™* (Agggo = 19,200 M7 cm’) (29), 
we estimate that in both quenching reactions 
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about 5% of the charge-separated products escape 
geminate recombination in the solvent cage. The 
diffusional recombination of the separated pro- 
ducts occurs on the time scale of 100 us and, in 
case of DPA, proceeds via oxidation of the Fe™ 
ground state by the donor radical (see supple- 
mentary materials). Although the cage escape 
yields values three to five times lower than those 
typically observed in the quenching of the "MLCT 
state of [Ru(bpy)3}°*, that latter process benefits 
from spin restrictions to back electron transfer in 
the triplet radical pair (37); the yields compare 
very favorably to the negligible cage escape en- 
countered in other cases of spin-allowed back 
electron transfer in the quenching of, for in- 
stance, singlet excited states of porphyrins (32). 

The extended CT lifetimes in [Fe(phtmeimb),|* 
were accomplished without substantial loss of the 
>2-eV excited-state energy, providing the >LMCT 
state with a superior combination of oxidative and 
reductive power exceeding the corresponding values 
of the archetypal [Ru(bpy);]°* sensitizer (fig. S26). 
Thermodynamically, the 7LMCT state should be 
capable of oxidizing or reducing a wide range of 
molecular donors and acceptors and p- or n-type 
semiconductor materials and of driving demand- 
ing photocatalytic reactions such as water oxi- 
dation or carbon dioxide reduction, which could 
further benefit from the complex’s intrinsic 
stability (fig. $26). 

The 2% PL quantum yield also raises the 
prospect of applying Fe-NHC systems to bio- 
sensors and organic light-emitting diodes (33). 
These applications would benefit from the in- 
trinsic low toxicity and earth abundance of Fe 
complexes, as well as the insensitivity of the 
°LMCT excited state of [Fe(phtmeimb),]* to oxygen. 
Moreover, because both the ground and LMCT 
excited states of the Fe” light-emitting complex 
are doublets, they will not suffer from the endemic 
singlet-versus-triplet formation problem (33) 
of typical rare-earth light emitting complexes. 
Taken together, our results suggest that the 
°LMCT state deserves more attention as a photo- 
functional state for iron and other transition 
metals as well. 
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IMPACT CRATERS 


Earth and Moon impact flux 
increased at the end of the Paleozoic 


Sara Mazrouei™, Rebecca R. Ghent”, William F. Bottke*, 


Alex H. Parker®, Thomas M. Gernon* 


The terrestrial impact crater record is commonly assumed to be biased, with erosion 


thought to eliminate older craters, even on st 


able terrains. Given that the same projectile 


population strikes Earth and the Moon, terrestrial selection effects can be quantified 
by using a method to date lunar craters with diameters greater than 10 kilometers and 
younger than 1 billion years. We found that the impact rate increased by a factor of 

2.6 about 290 million years ago. The terrestrial crater record shows similar results, 


suggesting that the deficit of large terrestrial 


craters between 300 million and 650 million 


years ago relative to more recent times stems from a lower impact flux, not preservation 


bias. The almost complete absence of terrest 


rial craters older than 650 million years may 


indicate a massive global-scale erosion event near that time. 


he abundance of terrestrial craters with 
diameters (D) = 20 km decreases subs- 
tantially with age. A common assumption 

is that this loss is driven by erosive and 
tectonic processes operating over hundreds 

of millions of years. Unfortunately, it is chal- 
lenging to quantitatively test this hypothesis with 
existing terrestrial data. An alternative is to esti- 
mate terrestrial crater loss rates by comparing 
Earth’s crater record with the Moon’s. Earth 
and the Moon have been struck by the same im- 
pactor population over time, but large lunar craters 
have experienced limited degradation over billions 
of years. An obstacle to performing this test has 
been obtaining accurate dates for large lunar craters. 
We used an analysis of the thermophysical 
characteristics of lunar impact ejecta as mea- 


sured with the Diviner thermal radiometer on 
NASA’s Lunar Reconnaissance Orbiter (LRO) 
(1, 2) to estimate the ages of lunar craters with 
D >10 km and younger than 1 billion years (Ga). 
The formation of large lunar craters excavates 
numerous =1m ejecta fragments onto the 
Moon’s surface. These recently exposed rocks 
have high thermal inertia and remain warm 
during the lunar night relative to the sur- 
rounding lunar soils (called regolith), which 
have low thermal inertia. The nighttime tem- 
peratures were calculated from three of Diviner’s 
thermal infrared channels. Rock abundance 
values, defined as the fractional coverage of 
a Diviner pixel by exposed meter-scale rocks 
(Fig. 1), were obtained, simultaneously with rock- 
free lunar regolith temperatures, by exploiting the 
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fact that a mixture of lunar rocks and regolith 
produces a mixed spectral radiance and therefore 
different estimates of brightness temperature in 
each of the three thermal infrared channels (J). 

Using these data, an inverse relationship be- 
tween rock abundance in large crater ejecta and 
crater age has been demonstrated by calculating 
ejecta rock abundance values for nine “index” 
craters with independently determined ages (2). 
Young craters were found to have high rock 
abundance in their ejecta, whereas rock abun- 
dance decreases with increasing crater age, even- 
tually becoming indistinguishable from the 
background for craters older than ~1 Ga. The 
breakdown of lunar rocks has most likely oc- 
curred at a steady rate over the past billion years 
through the constant influx of tiny impactors 
and the thermal effects of lunar day-night cycl- 
ing (3). We derived a crater age-rock abun- 
dance regression function shown in Fig. 1 and 
fig. S1 (3). 

We identified 111 rocky craters on the Moon 
with D =10 km between 80°N and 80°S, with 
ejecta blankets that have rock abundance values 
high enough to distinguish them from the back- 
ground regolith (Fig. 2A and table S1). We used 
the 95th percentile rock abundance values 
(RAgs/5), Which are those that separate the 
upper 5% from the lower 95% of RA values for a 
given crater’s ejecta. We chose 10 km as a min- 
imum size for this analysis because those craters 
have penetrated the surface regolith deeply 
enough to have excavated large blocks from 
the underlying bedrock. This approach min- 
imizes the influence of variations in original 
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T Fig. 1. Regression of lunar crater age versus 95th percentile rock 
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abundance. Updated from (1, 2). Data point labels correspond to dated 
lunar craters (2) listed in table Sl. Rock cover is defined as materials 
with rocklike thermal inertia and minimum diameters larger than the diurnal 
thermal skin depth (~0.5 m). This regression differs from previous 
analysis (2) because of use of an updated rock abundance dataset 

and an updated age for Aristarchus crater (26), together with a 

statistical treatment that marginalizes over unacknowledged uncertainties 
for the published crater ages (3). Red error bars illustrate uncertainties 
for each crater, and black error bars show the uncertainties implied 

by the median value of the uncertainty scaling factor c given its 

posterior PDF (eq. S2). The best fitting parameters in the relation 

RAgsys5 = a x (age/Ma)? are a, 0.33: b, -0.50 (black solid curve); 

black dashed and dotted curves indicate the 68 and 95% credible 
intervals. After propagation through the joint terrestrial/lunar 
Approximate Bayesian Computation rejection (ABCr) analysis (3), 

the best fitting parameters are a, 0.34; b, -0.51 (cyan solid curve); 

cyan dashed and dotted curves show the 68 and 95% credible intervals. 
(Insets) The two-dimensional (2D) distribution of the posterior PDF 
sample of parameters (a, b) before and after ABCr analysis (black and cyan 
points, respectively), their marginalized distributions, and p(c), the 

1D marginalized posterior PDF of the uncertainty scaling factor c (eq. S2). 
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Fig. 2. Geographic and SFD of rocky lunar craters. (A) Geographic 
distribution of 111 rocky (young) craters with D = 10 km between 

80°N and 80°S on the Moon (listed in table S1), scaled by size and color 
coded according to age. Orange (dark yellow deuteranopia) indicates 
craters younger than 290 Ma; pink (light blue deuteranopia) indicates 
craters 290 to 580 Ma old; dark blue indicates craters 580 to 870 Ma old; 
yellow indicates craters 870 to 1160 Ma old; and white indicates craters 
older than 1160 Ma. [Background image is from https://astrogeology.usgs. 


ejecta block population that are due to spatial 
variations in surface soil thickness (4, 5). 

Using Fig. 1, we calculated ages for these 
craters and found that they were not formed 
uniformly with time (Fig. 2B). This implies that 
the small- and large-body impact fluxes striking 
the Moon are probably decoupled from one 
another at a modest level, with small impactors 
more likely to maintain a steady impact flux than 
large impactors (fig. $2) (3). Our analysis also 
showed no statistical evidence for a leading versus 
trailing hemisphere asymmetry in the calculated 
ages of these large craters, nor for a latitudinal 
dependence in rocky crater abundance, although 
our relatively small sample size might make such 
atrend difficult to detect. We also identified no 
correlation between crater sizes and crater ages, 
meaning differently sized craters are randomly 
distributed in time. 

To quantify the change in flux exhibited by 
these lunar craters, we adopted a piecewise- 
constant rate model in which a uniform crater- 
ing rate at early times changes instantaneously 
to a different rate at later times. Sampling from 
among all possible values of the crater age-rock 
abundance regression parameters, using con- 
servative estimates on the lunar index crater 
ages (Fig. 1) (3), we found that this model shows 
statistical evidence for a break at some time 
between 220 and 770 Ma ago (95% credible 
intervals), with the peak of the marginalized 
probability density function (PDF) at a break age 
of 400 Ma (fig. S1). The ratio of the crater rate 
after the break age to the prebreak rate is 2.1, 
with 95% credible interval values of 1.4 to 20.6. 

Supporting evidence for an increase of a factor 
of 2 to 3 in the lunar impact flux since ~400 Ma 
ago may come from the ages and abundances 
of lunar impact spherules. Created by energetic 
cratering events, these glassy melt droplets have 
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gov/search/map/Moon/LRO/LROC_WAC/Lunar_LRO_LROC-WAC_ 
Mosaic_global_l0Om_June2013 (27)]. (B) Cumulative SFDs of craters. 
Red indicates average SFD of craters older than 290 Ma (55 craters; 
average of cumulative distribution in three age bins: 290 to 580 Ma old; 
580 to 870 Ma old; and 870 to 1160 Ma old), black indicates craters 
younger than 290 Ma (56 craters), and error bars show Poisson noise. 
The lunar cratering rate has increased by a factor of 2.6 in the past 290 Ma 
compared with the preceding ~710 Ma. 
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Fig. 3. Age-frequency distributions of lunar and terrestrial craters. The lunar crater D = 10 and 
20 km curves are shown by the black line, whereas terrestrial craters with D = 20 km (table S2) 
are shown with the red line. All terrestrial craters are younger than 650 Ma. The lunar impact 

flux increases by a factor of 2.6 near 290 Ma ago (fig. S1). A simple piecewise model (cyan) 
demonstrates the break between two rates compared with a simple uniform model (dashed black). 
The similarity between the lunar and terrestrial distributions suggests that the inferred increase 


in terrestrial impacts is not a preservation bias. 


been identified in the regolith samples returned 
from the Apollo landing sites. Their age distribu- 
tion is a potential proxy for the impact flux of 
larger bodies and suggests that the impact flux 
increased by a factor of 3.7 + 1.2 over the past 
400 Ma (6, 7), which is in broad agreement 
with our results. However, the abundance of 
young impact spherules found in Apollo lunar 
regolith samples could be a bias (7). Lunar 
craters formed over the past 300 to 400 Ma 
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may have also degraded faster by means of dif- 
fusion processes than those that formed between 
700 and 3100 Ma ago (8). This observation may 
be explained if large impacts enhance diffusive 
processes through, for example, seismic shaking, 
and the large-body impact flux has increased 
over recent times. 

Rayed lunar craters have previously been used 
to compute impact flux rates, with the assump- 
tion often made that they formed in the past 
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Fig. 4. Positions of terrestrial impact craters and kimberlites 

in space and time. (A) Locations of all impact craters identified in 

the Planetary and Space Science Centre (PASSC) Earth Impact Database 
(24), scaled by size and colored by age. Kimberlite occurrences are 

also shown; solid symbols denote those craters with well-defined ages 

(n = 624), and white diamonds indicate undated kimberlites (n = 3645) 
(25). Gray regions correspond to major exposures of Precambrian 
basement rocks (28), which together with platform areas shown in beige 


1 Ga. We found 11 farside rocky craters with D = 
20 km formed in the past 1 Ga, compared with 
28 to 32 farside rayed craters assumed to be 
this age (9, 10). This discrepancy suggests that 
rayed craters may have a much wider spread of ages 
than commonly thought (supplementary text). 
These results for the Moon provide insights 
into Earth’s crater record. Interpretation of the 
terrestrial record is problematic because (i) an 
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Intrusives (extend from the surface to ~150 km depth) 


unknown number of older craters have been 
erased at unknown times by erosion or tectonics, 
(ii) stable continental surfaces capable of record- 
ing ancient impacts have potentially been buried 
and exhumed multiple times since they formed, 
(iii) it is difficult to precisely quantify which 
terrains have been adequately searched for 
craters, and (iv) not all craters are exposed at 
the surface but instead have to be identified 
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(29) form the stable cratons, where 84% of craters with D = 20 km 

(and 84.6% of craters with D = 10 km) occur. (B) Chronology of large 
impacts (>10 km) and well-dated kimberlites for each continent, excluding 
Antarctica. Colored symbols indicate depth-diagnostic kimberlite zones 
(labeled and illustrated in the inset). There is an abrupt cut-off in 

impact crater and kimberlite pipe frequency at ~650 Ma ago, which is 
coincident with Snowball Earth glaciation during the Cryogenian Period, 
720 to 635 Ma ago (17-19). 


through geophysical anomalies and explored 
through drilling (7). 

Lunar craters have experienced compara- 
tively little erosion over the past 1 Ga, and 
the proximity of Earth to the Moon implies 
that both have been struck by the same pop- 
ulation of impactors. A comparison of records 
on both bodies therefore provides an opportu- 
nity to quantify terrestrial selection effects. 
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Contrary to our expectations, we found that 
the size-frequency distributions (SFDs) of the 
lunar and terrestrial craters for D => 20 km, 
normalized by the total number of craters, are 
highly similar (fig. S3A). We found no evidence 
for size bias in retention of terrestrial craters; in 
an average sense, for a given region, it appears 
that Earth either keeps all or loses all of its D = 20 
craters at the same rate, independent of size. 

We compared the ages of the 38 known ter- 
restrial craters with D = 20 km (table S2) with 
the computed age distribution for lunar craters 
with D = 10 and = 20 km (Fig. 3 and table S1). 
Using the same statistical method for the ter- 
restrial craters as for the lunar craters, we found 
that the terrestrial craters also have a break age 
and ratio of present-day to past crater rate close 
to lunar values (fig. S1). Because there is evidence 
for a nonuniform terrestrial cratering rate sim- 
ilar to the lunar cratering rate, and considering 
that Earth and the Moon share a similar bom- 
bardment history, we combined both records. 
The inclusion of terrestrial craters provides an 
absolute age chronology supplement to the nine 
index craters we have for the Moon. 

The model adopted to fit these data includes a 
single break between two uniform rates, but we 
do not rule out other simple models (for ex- 
ample, cratering rate linearly increasing in time) 
or more complex models (for example, multiple 
breaks). Rather, we used the single-break piece- 
wise model as a simple and physically plausible 
hypothesis to demonstrate that the lunar and 
terrestrial cratering rates have not been constant 
over the past billion years. 

Our joint lunar and terrestrial analysis yields a 
ratio of the crater rate after the break age to the 
prebreak rate of 2.6, with a 95% credible interval 
value of 1.7 to 4.7. The most probable break age is 
290 Ma. The impact rate change is reflected 
in the SFD curves, with craters younger than 
290 Ma substantially higher in frequency at 
all diameters than those older than 290 Ma (Fig. 
2B). The deficit of large terrestrial craters between 
290 and 650 Ma old can therefore be interpreted 
to reflect a lower impact flux relative to the pre- 
sent day and not a bias (supplementary text). 

The erosion history of Earth’s continents can 
also be constrained by using uranium-lead (U-Pb) 
thermochronology, or temperature-sensitive 
radiometric dating. Thermochronologic data 
suggest that stable continental terrains experi- 
ence low erosion or burial rates of up to 2.5m Ma™ 
(12), which equates to a maximum of 1.6 km 
vertical erosion (or deposition) over the past 
650 Ma. This would likely be insufficient to 
eradicate craters with D = 20 km, given that 
crater depths are approximately equal to ~10% of 
their original diameter (13). 

Support for limited erosion on cratered 
terrains can also be found in the record of 
kimberlite pipes. Kimberlites are formed during 
explosive volcanism from deep mantle sources, 
generating carrot-shaped pipes 1 to 2 km deep 
(Fig. 4) (14, 15), and commonly preserve volcanic 
features (such as volcanic craters and pipes) that 
are depth-diagnostic (16). Impact craters and 
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kimberlites are frequently found in common 
regions on stable continental surfaces (Fig. 4A), 
so kimberlites are a proxy that indicate the depth 
of erosion for surfaces of different ages. Deep 
erosion of stable continental surfaces (>2 km) 
should have removed most kimberlite pipes, 
leaving behind deep-seated intrusive rocks, but 
kimberlite pipes are relatively common through- 
out the Phanerozoic Eon (541 Ma ago to the 
present). Their spatiotemporal distribution (Fig. 
4B) suggests only modest erosion (<1 km) on 
most cratons since 650 Ma ago, favoring the 
survival of D => 20 km impact craters (3). 

There is a sharp cut-off in the number of 
terrestrial craters at ~650 Ma ago (Figs. 3 and 4). 
Given erosion rates on stable continental ter- 
rains after 650 Ma ago, similar conditions further 
back in time would have allowed most craters of 
Precambrian age (older than 541 Ma) to survive. 
Instead, the paucity of Precambrian craters is 
coincident with major episodes of globally ex- 
tensive “Snowball Earth” glaciation (Fig. 4B) (77). 
Pervasive subglacial erosion at ~650 to 720 Ma 
ago is thought to have removed kilometers of 
material from the continents (78, 19), enough to 
erase most existing kimberlite pipes and im- 
pact craters (fig. S5A). The exceptions are the 
D > 130 km impact craters Sudbury (1850 Ma 
ago) and Vredefort (2023 Ma ago). Both cra- 
ters were deep enough to survive, but each 
shows indications of multiple kilometers of 
erosion (20). 

The change in the lunar and terrestrial impact 
flux may be due to the breakup of one or more 
large asteroids in the inner and/or central main 
asteroid belt (27). Those located near dynamical 
resonances may produce long-lived surges in the 
impact flux as the fragments are slowly driven 
to escape routes by nongravitational forces. 
Asteroid evolution models suggest that the con- 
tribution of kilometer-sized impactors from a 
large parent-body disruption would have reached 
their new level within a few tens of millions of 
years of the breakup event(s), with the wave 
of bodies perhaps receding after hundreds of 
millions of years (21, 22). 
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Structural adaptations of 
photosynthetic complex I enable 
ferredoxin-dependent electron transfer 
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Photosynthetic complex | enables cyclic electron flow around photosystem I, a 
regulatory mechanism for photosynthetic energy conversion. We report a 
3.3-angstrom-resolution cryo—electron microscopy structure of photosynthetic 
complex | from the cyanobacterium Thermosynechococcus elongatus. The model 
reveals structural adaptations that facilitate binding and electron transfer from the 
photosynthetic electron carrier ferredoxin. By mimicking cyclic electron flow with 
isolated components in vitro, we demonstrate that ferredoxin directly mediates 
electron transfer between photosystem | and complex I, instead of using 
intermediates such as NADPH (the reduced form of nicotinamide adenine dinucleotide 
phosphate). A large rate constant for association of ferredoxin to complex | 
indicates efficient recognition, with the protein subunit NdhS being the key 


component in this process. 


wo light-driven electron transport path- 
ways operate in all organisms that perform 
oxygenic photosynthesis: linear and cyclic 
electron flow. In linear electron flow (LEF), 
two photochemical reaction centers (photo- 
systems I and II) act in series to drive the syn- 
thesis of adenosine triphosphate (ATP) and the 
reduced form of nicotinamide adenine dinucleo- 
tide phosphate (NADPH), whereas cyclic electron 
flow (CEF), powered by only photosystem I (PSI), 
leads solely to the formation of ATP. The contri- 
bution of each pathway varies in response to the 
environment (e.g., light quality), and organisms 
in which CEF is inactivated are functionally im- 
paired (2). 
Photosynthetic complex I of plant chloroplasts 
and cyanobacteria (2, 3) has been implicated in 
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CEF, taking electrons from and indirectly rein- 
jecting them into PSI. It is structurally and func- 
tionally related to respiratory complex I from 
mitochondria and bacteria (4-6), but it lacks the 
peripheral dehydrogenase module (N-module), 
comprising subunits NuoE, NuoF, and NuoG (see 
table S1 for nomenclature in different organisms). 
This module catalyzes NADH (the reduced form 
of nicotinamide adenine dinucleotide) oxidation 
and contains five out of eight iron-sulfur (Fe-S) 
clusters. Biochemical and proteomic analyses 
of photosynthetic complexes have discovered at 
least eight distinct subunits required to assemble 
fully functional photosynthetic complex I (7-13). 
There is evidence that ferredoxin (Fd) likely 
mediates electron transfer between photosyn- 
thetic complex I and PSI (74), probably within a 
large supercomplex (15), but this process has not 
been directly observed. Furthermore, the struc- 
tural adaptions that enable the photosynthet- 
ic complex to perform its distinct role remain 
uncharacterized. 

We purified photosynthetic complex I from the 
thermophilic cyanobacterium Thermosynechococcus 
elongatus (fig. S1 and tables S2 and S3) and de- 
termined the structure by cryo-electron micros- 
copy (cryo-EM) single-particle analysis to an 
overall resolution of 3.3 A (Fig. 1; figs. S2 
and S3; and table S4). We constructed mod- 
els from homologous subunits or de novo 
where no model was available (fig. S4), except 
for NdhV, which binds transiently (7) and was 
not observed. 

Photosynthetic complex I transfers electrons to 
the terminal acceptor plastoquinone. The quinone- 
binding site is coupled to the proton-pumping 
machinery in the membrane by a highly con- 
served charge-redistribution cascade (figs. S5 
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and S6), but the exact coupling mechanism re- 
mains elusive (16-19). 

The photosynthesis-specific single-spanning 
membrane proteins NdhQ and NdhP (8) bind 
to either side of the NdhD protein, with NdhQ 
fixing the very long horizontal helix of NdhF (fig. 
87). NdhP forms a small hydrophobic cavity to 
which a molecule of B-carotene is bound. A lipid 
molecule (monogalactosyldiacylglycerol) binds 
between the NdhD and NdhfF proton channels 
and appears to be stabilized by the B-carotene 
molecule. Both molecules probably serve as “mo- 
lecular glue,” similar to lipids found in complex I 
of other species (18, 20), to help assemble the 
proton-pumping membrane arm of the complex 
and to stabilize the NdhF binding interface. A 
third photosynthesis-specific membrane subunit, 
NGhL, binds to the N terminus of NdhA to form an 
extended heel under the peripheral arm (fig. $5). 

The N-module subunits responsible for NADH 
oxidation are not present in photosynthetic 
complex I. Instead, the peripheral arm of the 
cyanobacterial complex (Q-module) contains 
photosynthesis-specific subunits (NdhM, NdhN, 
NdhO, and NdhS) (figs. S8 and S9), which bind 
to the conserved, nonmembrane subunits of com- 
plex I (NdhH, NdhI, NdhJ, and NdhK). The latter 
four subunits harbor three [4Fe-4S] clusters in 
addition to the quinone-binding site and have 
elongated termini that are conserved within the 
green linage (figs. S10 to $12). NdhM and NdhN 
are located at one side of the peripheral arm and 
form multiple interactions with the conserved 
[4Fe-4S]-carrying complex I subunits by binding 
to their elongated termini and covering other- 
wise solvent-exposed hydrophobic patches. NdhO 
has a globular fold and packs tightly to the side of 
NdhJ via a hydrophobic binding interface, cover- 
ing the same space that is occupied by the species- 
specific protein TTHA1528 in T. thermophilus 
respiratory complex I (27). Furthermore, the 
photosynthesis-specific NdhS subunit, previously 
implicated in Fd binding (22), is located in a V- 
shaped groove formed by the NdhI protein, at 
a similar location to subunit Nqo15 within the 
N-module. 

Our cryo-EM structure resolves the positions 
and conserved coordination of three [4Fe-4S] 
clusters, corresponding to the previously identi- 
fied clusters N6a, N6b, and N2 in respiratory 
complex I (Fig. 2A). Electron paramagnetic reso- 
nance (EPR) measurements on chemically re- 
duced samples quantitatively identify all three 
clusters (components 1, 2, and 3 in Fig. 2B). Com- 
ponents 1 and 2 are similar to the respiratory 
complex I signals of N2 and N6b (23, 24), whereas 
component 3 bears little resemblance to N6a, 
in terms of width and structure (tables S6 and 
$13). The difference is due to either the prox- 
imity of N6a to N6b or the fact that N6a is 
surface exposed in photosynthetic complex I, 
as opposed to being buried in the protein, al- 
lowing it to act as the site of electron injection 
(see supplementary text). 

To test the hypothesis that reduced Fd can 
inject electrons into photosynthetic complex I 
to enable CEF, we used absorption kinetics in 
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Cytoplasm 


Thylakoid lumen 


110A 


190A 


NdhC 


Fig. 1. Cryo-EM map of photosynthetic complex | from T. elongatus segmented by 
subunit. Eighteen subunits are colored and named accordingly (photosynthesis-specific 
subunits NdhL, NdhM, NdhN, NdhO, NdhP, NdhQ, and NdhS; other nonmembrane subunits 
NdhH, Ndhl, NdhJ, and NdhK; and other membrane subunits NdhA, NdhB, NdhC, NdhD, NdhE, 


NdhF, and NdhG). 


the submillisecond time range. Electron transfer 
reactions were monitored in vitro with samples 
containing purified PSI, Fd, and photosynthetic 
complex I (Fig. 2, C and D). Single PSI turnover 
was triggered with a short laser flash (Fig. 2C), 
and subsequent electron transfer was monitored 
by ultraviolet-visible light absorption (see sup- 
plementary text). Submicrosecond PSI charge 
separation and stabilization (fig. S14) was fol- 
lowed by Fd reduction by the terminal [4Fe-4S] 
cluster of PSI, dissociation of reduced Fd (Fd,eq) 
from PSI, and reduction of a [4Fe-4S] cluster in 
photosynthetic complex I by Fd,.q (Fig. 2C). The 
kinetics of the latter reaction were fitted to a 
biexponential function with rates of 245 and 
1280 s"’ (Fig. 2C). With the conservative as- 
sumption that the slowest component (245 s') 
corresponds to the association of Fd,.¢q to the 
photosynthetic complex I, we calculated a lower 
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limit of Koracomplext = 1.0 x 10° M's for bind- 
ing. This association constant is clearly larger 
than values previously measured for other Fd 
partner proteins (25-27). We conclude that Fd 
participates in CEF via photosynthetic com- 
plex I and that Fd recruitment to complex I is 
very efficient. 

The above analyses converge upon the hypoth- 
esis that the surface of the peripheral arm near 
the N6a cluster of photosynthetic complex I is 
responsible for Fd binding (Fig. 3A). We iden- 
tified a putative Fd binding site in this region, 
guided by the surface charge at a tripartite in- 
terface formed by NdhK, NdhI, and NdhS (Fig. 
3B). This surface area faces toward the missing 
[4Fe-4S] cluster N5 of the N-module of respi- 
ratory complex I (Fig. 2D). 

Recent functional studies suggested that the 
photosynthesis-specific subunit NdhS plays an 
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important role in CEF of Arabidopsis thaliana 
(22, 28) and Synechocystis sp. PCC 6803 (13). 
However, because NdhS has no prosthetic group 
such as an Fe-S cluster or flavin, it is still elusive 
how it is involved in electron transfer of photo- 
synthetic complex I. We confirmed that unbound 
NdhS adopts the same overall structure as in the 
full complex I by solving the x-ray crystal struc- 
ture of recombinant NdhS at 1.90-A resolution 
(table S5 and figs. S15 and S16). To assess the sites 
and mode of interaction between Fd and NdhS, 
we performed nuclear magnetic resonance (NMR) 
chemical shift perturbation experiments using 
N-labeled Fd or NdhS with the nonlabeled 
counterpart, and vice versa (Fig. 3D and figs. 
S16 to S18). The NMR chemical shift perturba- 
tion indicated that the interaction site on NdhS 
was primarily located in its C-terminal region, 
from Glu’ (E104) to the C terminus, a domain 
that was not resolved in either the x-ray or cryo-EM 
structure owing to its high flexibility (Fig. 3, 
C and D). A similar “fly-casting” mechanism 
leads to fast electron transfer between Fd and 
ferredoxin:NADP* reductase (25, 29), and it 
might be also responsible for the fast association 
between Fd and photosynthetic complex I. The 
C-terminal segment of NdhS contains five posi- 
tively charged Lys residues, which likely “catch” 
the negatively charged patch of Fd through an 
electrostatic interaction. We propose that NdhS 
serves as a foothold for Fd binding by tuning the 
binding angle of Fd toward NdhI, the catalytic 
subunit with a redox center next to NdhS (Fig. 3C 
and fig. S19), as is the case for the variable sub- 
unit of ferredoxin:thioredoxin reductase and for 
the PsaE subunit of PSI. 

Our structure of photosynthetic complex I 
suggests that adaptation of modular domains 
and interfaces contributes to functional differ- 
ences between it and homologous complexes. 
The minimal functional unit of the Q-module 
for Fd-dependent electron transfer is shared with 
membrane-bound hydrogenase from Archaea 
(30), thus suggesting that they also share the 
minimal required interaction site for Fd binding. 
In respiratory complex I, the N-module is at- 
tached to the Q-module to enable NADH oxida- 
tion (21), whereas in photosynthetic complex I, 
extensions and accessory subunits (including 
NdhS) facilitate highly efficient electron trans- 
fer from Fd. The photosynthesis-specific struc- 
tural elements may also mediate supercomplex 
formation with PSI, which is proposed to further 
optimize CEF in cyanobacteria and plants (15). 
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Fig. 2. Assignment of Fe-S clusters by EPR A B 
spectroscopy and in vitro electron transfer kinetics 
from PSI via Fd toward complex I. (A) [4Fe-4S] 
clusters N6a, N6b, and N2 with coordinating subunits 
Ndhl (dark salmon) and NdhK (ruby) compared 
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Simulation 


with the corresponding T. thermophilus subunits 2 Component 1 
Nqo9 and Nqo6 [gray, Protein Data Bank (PDB) 5 Component 2 
AHEA (21)]. (B) An EPR spectral simulation = Component 3 
(red dashed line) of the spectrum at 10 K (black & 

line), along with simulated spectra for the individual 2 

components (green, blue, and pink lines) and it ————— 

their associated g-values. (©) Changes in flash-induced 2.055 1.922 

absorption at 580 nm (AAsgo nm), attributed to Fd 2.045; __ 1.0717 1.889 
reduction by PSI (left) and complex | reduction A | 
by Fdreg (right). These changes correspond to 320 Teseile a ImT 380 
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three different cuvettes containing PSI, PSI-Fd, _ 0.64 
and PSI-Fd-complex |, respectively (see individual 


measurements in fig. S14). The left graph shows the ° 
difference between signals 2 and 1. The slow e 
component after 0.2 ms was fitted by a single rising é 
exponential function (black curve; rate, 1379 s~4). 7 
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to PSI (which follows Fd;eq dissociation) with a 
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materials and methods). The downward arrow Time /ms Time /ms 
corresponds to the reduction of Fd by the PSI terminal 
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lag preceding the signal rise due to complex | 

reduction by Fdreq, the kinetics were fitted by a 
biexponential function with rates of 245 and 1280 s+ 
(black curve). The upward arrow corresponds to 

the reduction of a [4Fe-4S] cluster in photosynthetic 
complex | by Fd. The PSI, Fd, and complex | 
concentrations were 0.08, 5.0, and 0.24 uM, respectively. 
(D) Superposition of photosynthetic complex | 

(green) with the T. thermophilus complex | [gray, 
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photosynthetic complex |, as indicated by the red and 
dark blue arrows. The lightning bolt indicates application 
of a laser flash to excite PSI. PQ, plastoquinone. 
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Fig. 3. Adaptation of the Q-module to Fd binding 
and the role of the NdhS C terminus. (A) Top 
view of the complex | surface with colored subunits. 
The potential Fd binding area is indicated by the 
yellow dashed circle. (B) Electrostatic potential 
surfaces on complex | (red for negative, white 

for neutral, and blue for positive) were calculated 
with the Adaptive Poisson-Boltzmann Solver 
(APBS) plug-in in PyMOL. (C) The C-terminal 
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Observation of magnetically tunable 
Feshbach resonances in ultracold 
*3NaK + °K collisions 


Huan Yang”?*, De-Chao Zhang’?*, Lan Liu’?*, Ya-Xiong Liu”?, Jue Nan’”, 


Bo Zhao’”+, Jian-Wei Pan™?+ 


Resonances in ultracold collisions involving heavy molecules are difficult to simulate 
theoretically and have proven challenging to detect. Here we report the observation of 
magnetically tunable Feshbach resonances in ultracold collisions between potassium-40 
(*°K) atoms and sodium-23-potassium-40 (72Na*°K) molecules in the rovibrational 
ground state. We prepare the atoms and molecules in various hyperfine levels of their 
ground states and observe the loss of molecules as a function of the magnetic field. 

The atom-molecule Feshbach resonances are identified by observing an enhancement 

of the loss. We have observed 11 resonances in the magnetic field range of 43 to 120 gauss. 
The observed atom-molecule Feshbach resonances at ultralow temperatures probe the 
three-body potential energy surface with exceptional resolution and will help to improve 


understanding of ultracold collisions. 


nderstanding collisions involving mole- 

cules at the quantum level has been a 
long-standing goal in chemical physics (1). 
Scattering resonances are among the most 
remarkable quantum phenomena and play 

a critically important role in the study of colli- 
sions. They are sensitive to both the long-range 
and short-range portions of the molecule inter- 
action potential and thus offer an ideal probe of 
the potential energy surface (PES) governing the 
collision dynamics. In theory, describing the PES 
requires solving the Schrédinger equation involv- 
ing many electrons and nuclei, which is notori- 
ously difficult owing to the electron correlations. 
Therefore, measurement of scattering resonances 
not only provides a global and accurate probe of 
the PES but also helps provide understanding of 
the complicated quantum many-body problem. 
Although scattering resonances are well known 
and have been the main features studied in ultra- 
cold atomic gases and nuclear collisions (2), they 
have proven challenging to observe in molecu- 
lar systems. Recently, major progress has been 
achieved in the experimental study of resonances 
in cold molecular collisions involving light 
particles—for example, H., HD molecules, or He 
atoms—by means of molecular beam techniques. 
In crossed-beam or merged-beam experiments, 
shape resonances or Feshbach resonances have 
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been observed in atom-molecule chemical reac- 
tions (3-8), atom-molecule inelastic collisions 
(9-11), and molecule-molecule inelastic colli- 
sions (12, 13). However, in these experiments, 
the collision energies are still high (at kelvin or 
subkelvin), and thus a few partial waves contrib- 
ute to the scattering cross sections. 

Ultracold molecules offer great opportunities 
to study molecular collisions in the quantum 
regime. At ultralow temperatures, the de Broglie 
wavelength of the collision partners is much 
larger than the range of molecular interaction 
potential, and only the lowest possible partial 
wave of relative orbital angular momentum 
dominates the collision process (14, 15). Con- 
sequently, the collisions at ultracold temper- 
atures are highly quantum mechanical. Owing 
to the anisotropy of the PES, the collisions in- 
volving ultracold molecules may support many 
resonances that are contributed by the rotational 
and vibrational excited states (16, 17). Therefore, 
it is expected that scattering resonances should 
be routinely observed in ultracold molecular 
systems. For ultracold collisions involving light 
molecules, the low density of resonant states 
allows calculations of the scattering resonances, 
and many Feshbach resonances in atom-molecule 
collisions (18-20) and molecule-molecule colli- 
sions (16, 27) have been predicted. However, owing 
to the experimental difficulties of preparing the 
ultracold colliding particles, these predictions 
have not been tested. 

The situation is much more complicated for 
ultracold collisions involving heavy molecules, 
such as the alkali-metal-diatomic molecules in 
the rovibrational ground state created from ultra- 
cold atomic gases (22-28). The scattering reso- 
nances involving these heavy molecules are 
difficult to calculate and are highly challenging 
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to observe. For reactive collisions, the reactions 
are universal, and the short-range losses with a 
near-unity probability suppress any possible reso- 
nances (15, 29). For nonreactive atom-molecule 
collisions, the PES is so deep that thousands of 
rovibrational states may contribute to the reso- 
nances. As a consequence, the density of reso- 
nant states near the threshold of the collision 
channel is quite high, and it is not clear whether 
the individual resonances are resolvable (17). 
In this case, the theoretical calculation of the 
Feshbach resonances is extremely difficult, 
especially when nuclear spins and external 
fields are considered (30). Instead, a statisti- 
cal model has been adopted to explore such 
highly resonant scattering (17), which predicts 
that at a temperature below 1 uK, for atom- 
diatomic-molecule collisions, many s-wave 
Feshbach resonances with an average spacing 
of less than 1 gauss should be observable. How- 
ever, the experimental observation of these res- 
onances remains elusive. 

Here we report the observation of magnetic 
Feshbach resonances between ultracold 7?Na*°K 
ground-state molecules and “°K atoms. The bind- 
ing energies of ??Na*°K [vibrational quantum 
number (v) = 0] and “°K, (v = 0) are about 5212 cm 
(25) and 4405 cm! (29), respectively. Therefore, 
?3NTg*°K (v = 0, N = 0) + “°K collisions with N 
the rotational quantum number are nonreactive: 
The reaction 7?Na*°K (uv = 0) + *K > “°K, (v = 0) 
+°3Na is highly endothermic and is forbidden at 
ultracold temperatures. The atomization energy 
of NaK, is estimated to be 7125 cm (31), which 
gives rise to a deep PES. As illustrated in Fig. 1, 
the channels that are asymptotically closed sup- 
port many triatomic bound states, which may 
lead to a high density of resonant states near 
the threshold. We prepared 7?Na*°K molecules 
and *°K atoms in various hyperfine levels of their 
ground states and searched for the resonances by 
measuring the loss rate of the molecules due to 
atom-molecule inelastic collisions as a func- 
tion of the magnetic field. The appearance 
of a Feshbach resonance is identified by ob- 
serving a resonantly enhanced loss. We have 
observed 11 resonances in the magnetic field 
range 43 < B < 120 G, where B is the magnet- 
ic field. 

We first searched for the atom-molecule 
Feshbach resonances in the magnetic field range 
99.3 < B < 103.8 G, which is close to a broad 
atomic Feshbach resonance at 110 G. We created 
weakly bound Feshbach molecules in an ultra- 
cold ?Na and “°K atomic mixture at a tempera- 
ture of about 500 nK by Raman photoassociation. 
The remaining 7*Na atoms were removed im- 
mediately after the Feshbach molecules were 
formed. We then transferred the molecules from 
the Feshbach state to the rovibrational ground 
state by means of stimulated Raman adiabatic 
passage (STIRAP). The details of the association 
and the STIRAP are given in the supplementary 
materials (32). The hyperfine levels of the ground 
states of the **Na*°K molecule are labeled by 
|v, N, mp,,, M7, ), Where the vibrational and rota- 
tional quantum numbers are v = N = 0 and my, 
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and m;, are the nuclear spin projections of Na 
and “°K, respectively. In our experiment, the hy- 
perfine states |0, 0, —3/2,—2), |0,0, —3/2, —1), 
|0, 0, -1/2, —3), and |0,0, —1/2,—2) could be 
populated by choosing proper intermediate 
states and laser polarizations. The hyperfine 
structure of the ground-state molecule is shown 
in Fig. 1. After the ground-state molecules were 
prepared, the *°K atoms were transferred to 
different hyperfine states | f, my), by radio fre- 
quency pulses, with the atomic angular mo- 
mentum f = 9/2 and the projection quantum 
number my; = —9/2,...,—1/2. In this way, 20 
different combinations of the atom and mole- 
cule hyperfine states could be prepared. 

The 7?Na*°K molecules decay owing to two- 
body hyperfine-changing inelastic collisions with 
the *°K atoms because the atoms and molecules 
are in excited hyperfine states. The hyperfine 
change may be caused by the interaction be- 
tween the nuclear spins of the molecules and the 


Fig. 1. Illustration of the atom-molecule 
Feshbach resonances between the ground-state 
23Na*°K molecule and “°K atom. (A) The PES 

is very deep, and thus a large number of channels 
that are asymptotically closed can support the 
triatomic bound states, which give rise to a high 
density of resonant states near the threshold. 

The incoming channel is “°Na*°K (v = 0, N = 0) + 
40K in a specific combination of hyperfine states. 
The atom-molecule Feshbach resonances probe 
the short-range resonance spectrum. The energy 
of the collision channels can be magnetically tuned. 
A Feshbach resonance occurs once the energy 

of the incoming channel coincides with the energy 
of a bound state. (B) Hyperfine structure of the 
*3Na*°K ground-state molecule at a magnetic field 
of 100 G. The hyperfine levels of the °Na*°K 
molecule in the rovibrational ground state of 

the 15 singlet potential are split owing to the nuclear 
Zeeman effects. The nuclear spin projections m),, 
and m,, are approximately good quantum numbers. 
The hyperfine levels that are used in the experiment 
are marked by thick black and brown lines. 


Fig. 2. The decay of the 7°Na*°K 1.0 
molecule in the atom-molecule 
mixture. The time evolutions 

of the number of the molecules are 
recorded. The solid curves are 
exponential fits with reduced chi- 
square values of 0.86 (red line) and 
2.8 (blue line). The fits are not weighted 
to error bars. The loss rate coefficients 
are extracted from the measured 
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0.4 
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decay rate. As a reference, the decay 0.0 


of the pure molecule gas in the 
|0,0,—3/2, —2) state at a magnetic 
field of 100.9 G is also shown. For the 


unpaired electron spin of the atoms during the 
collision process (17). We recorded the time evo- 
lution of the number of the molecules, as shown 
in Fig. 2. After a certain hold time, the number 
of the remaining ground-state molecules was 
measured by transferring the molecules back 
to the Feshbach states, which were detected by 
absorption imaging. The typical lifetime of the 
molecules in the atom-molecule mixture is on 
the order of 10 ms. This is much shorter than 
the lifetime of the pure molecule gas, which is 
longer than 100 ms in the whole magnetic field 
window. Therefore, the decay of the molecule 
in the mixture is dominantly caused by atom- 
molecule inelastic collisions. 

The decay of the molecules may be described 
by dN,,/dt = -yNm, where N,, is the number of 
molecules, tis time, and y = Bm, is the decay rate, 
with B and 7, being the loss rate coefficient and 
the mean density of the “°K atoms, respectively. 
The mean atomic density may be calculated by 


Bn K+ 40K 
|0,0, Mina, MIk>+|9/2,mM¢> 
incoming collision channel 


B 
-3/2 
eee MINat+MIK=-5/2 —= 
ex MINa+MIK=-7/2 -1/2 —= 
1/2 —_—_ — 
Mina 3/2 ___. § ——_- _-§ [— 
mix=4 —_- 1 —-=_=—“ ee 
2 Se 24 kHz 
: ~112 kHz 
z ee 2 
4 —— |0,0,MINa, MIK> 


pure molecule gas 


|0,0,-3/2,-2>+|9/2,-7/2> 
e@ B=101.8G 
e B=100.9G 


10 20 30 40 50 
hold time (ms) 


|0, 0, —3/2, —2) + |9/2, —7/2) collision, it can be clearly seen that the loss rates are dependent on 
the magnetic field. Each data point represents the average of three to five measurements, and the error 
bars represent 1 SD of the molecule number. a.u., arbitrary units. 
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Na = (7x2) / (4tkpTx)]°/?Na, where @ is the 
geometric mean trapping frequencies of the “°K 
atoms, k, is the Boltzmann constant, Tx is the 
temperature, and N, is the number of “°K atoms. 
In our experiment, the number of *°K atoms is 
about one order of magnitude larger than that 
of the molecules, and thus the mean density 7 
is approximately a constant. In this case, the 
loss rate coefficient § may be extracted from the 
measured decay rate y and the atomic mean 
density 7. 

We searched for the atom-molecule Feshbach 
resonances in 20 different incoming collision 
channels. For each channel, we measured the 
loss rate coefficient as a function of the mag- 
netic field. By varying the magnetic field, we 
expected to change the energy differences be- 
tween the triatomic bound states and the thresh- 
old of the incoming scattering channel. If a 
triatomic bound state intersects the threshold 
of the scattering channel and the coupling 
between the bound state and the scattering 
state is strong, a Feshbach resonance may oc- 
cur. The Feshbach resonances are identified 
through the strongly enhanced loss rate coef- 
ficients (2, 17). 

In the experiment, we found that the loss 
rate coefficients were different for various 
collision channels. For each channel, in most 
cases, the loss rate coefficients did not change 
considerably in the magnetic field range (32). 
However, in the |0, 0, —3/2, —2) + |9/2, —3/2), 
|0, 0, -3/2, -2) + |9/2, —7/2), and |0,0, —1/2, 
—3) + |9/2, —7/2) collision channels, the loss 
rate coefficients show prominent features at 
about 101 G (Fig. 3). We attribute these loss 
features to the resonant enhancement of the 
inelastic collisions due to the s-wave atom- 
molecule Feshbach resonance. The resonance 
positions and widths obtained by the Gaussian 
fits are listed in Table 1. 

It is valuable to compare the measured loss 
rate coefficients with the universal rate coeffi- 
cient (15, 29), which assumes short-range loss 
with unity probability. Using the parameters in 
(17), the s-wave universal rate coefficient is esti- 
mated to be about 1.3 x 10°?° cm?/s. The back- 
ground loss rate coefficients are usually smaller 
than the universal rate coefficient, except in 
the |0, 0, -1/2, -3) + |9/2, —5/2) channel. The 
resonantly enhanced loss rate coefficients in 
the three collision channels are larger than 
the universal rate coefficient by a factor of 
about 2 to 3. 

We used a similar method to measure the loss 
rate coefficients in the magnetic field range of 
89.4 to 89.9 G, close to an atomic Feshbach reso- 
nance at about 90.3 G (32). In this magnetic field 
window, we found that for the |0, 0, —3/2, —2)+ 
|9/2, —9/2) channel, the loss rate coefficients in 
the range of 89.4 to 89.9 G are notably larger 
than the coefficients in the range of 99.3 to 
103.8 G, which indicates that a loss feature may 
exist near 90 G. We also performed similar mea- 
surements in the magnetic field range of 84.4 to 
85.6 G, where the atom and molecule can both be 
prepared in the lowest hyperfine states. In this 
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magnetic field range, we did not observe an en- 
hanced loss feature. We might expect that prepar- 
ing both the molecule and atom in the lowest 
hyperfine states would largely suppress the loss 
rate. However, compared with the case in which 
the atom is prepared in the |9/2, —7/2) state, we 
do not observe a notable suppression of the 
loss rate. More theoretical and experimental 
studies are needed to understand these loss rate 
coefficients. 

The observation of the three resonant loss fea- 
tures indicates that the resonance is resolvable. 
However, the magnetic field range that can be 
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Fig. 3. Observations of the atom-molecule 
Feshbach resonances in the loss rate 
coefficients. (A to C) The loss rate 
coefficients are plotted as a function of 

the magnetic field. The collision channels 

are |0,0,-—3/2,—2) + |9/2, —3/2) (A), 

|O, 0, —3/2, —2) + |9/2,-7/2) (B), and 

|0,0, -1/2, —3) + |9/2,-7/2) (C). For these 
three channels, the resonantly enhanced 

loss rate coefficients at about 101 G provide 
clear evidence of the atom-molecule Feshbach 
resonances. The solid lines are phenomeno- 
logical Gaussian fits with reduced chi-square 
values of 5.4 (A), 4.2 (B), and 2.4 (C). The fits 
are not weighted to error bars. The error 

bars represent 1 SD of the loss rate coefficients 
arising from the fitting uncertainty of decay 
rates and uncertainty of atomic densities. 
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studied is limited close to the atomic Feshbach 
resonance, because the experiments are performed 
at fixed magnetic fields. This has hindered us 
from locating the possible resonance between 
|0, 0, —3/2, —2) and |9/2, —9/2) at about 90 G. 
To observe more resonances, the magnetic field 
range was expanded to 43 < B < 120 Gas follows. 
We first prepared the atom-molecule mixture at 
102.3 G. After that, we swept the magnetic field 
to a desired strength in 2.5 to 4 ms. We have used 
the pre-emphasis method (32-34) to compen- 
sate for the magnetic fields created by the eddy 
currents induced by the stainless chamber or 
large coils. The atom-molecule mixture was held 
at the desired magnetic field for about 7 ms. 
During the hold time, the realistic magnetic 
field was within 100 to 400 mG of the desired 
magnetic field. The hold time was chosen in such 
a way that the resonantly enhanced loss could be 
clearly distinguished from the background loss. 
The “°K atoms were then removed and the mag- 
netic field swept back to 102.3 G in 3 ms, where 
the remaining molecules were transferred back 
to Feshbach state for detection. The Feshbach 
resonances manifest as the loss features of the 
remaining molecule number versus the magnetic 
field. Using this method, we have studied the 
collisions between the molecule state |0, 0, —3/2, 
—2) and the atom states |9/2, —9/2),|9/2, —7/2), 
and |9/2, —5/2), with a step of about 0.5 G. As 
shown in Fig. 4, we have observed eight new 
resonantly enhanced loss features. The reso- 
nance positions and widths obtained by the 
Gaussian fits are listed in Table 1. The reso- 
nance between |0, 0, —3/2, —2) and|9/2, —9/2) 
at about 90 G is clearly localized. The resonance 
between |0, 0, —3/2, —2) and |9/2, —7/2) at 101 
G is also observed with this method. 

The observation of the Feshbach resonances 
allows us to compare these values with the den- 
sity of resonant states estimated from the sta- 
tistical model. For the 7?Na*°K + *°K collision 
studied in our experiment, neglecting the nuclear 


spins, the density of resonant states is estimated 
to be about 1.22 per mK (17). If the nuclear spins 
are considered, the density of resonant states 
is multiplied by the number of spin states that 
conserve the total magnetic quantum number. 
Assuming that the short-range physics does not 
change with the magnetic field, the resonance 
spectrum is probed with a rate of the Zeeman 
shift of the scattering channel (77). These argu- 
ments predict many s-wave resonances with an 
average spacing of about 1 G. However, in the 
approximate 70-G-wide magnetic field range, 
we observe only 11 resonantly enhanced loss fea- 
tures. This indicates that the density of resonant 
states may be not as large as the statistical model 
predicts. We cannot exclude the possibility that 
there are some narrow resonances that are not 
observed in our experiment. 

In conclusion, we have observed magnetically 
tunable Feshbach resonances in ultracold colli- 
sions between 7?Na*°K ground-state molecules 
and *°K atoms. In such a heavy and ultracold 
system, there may be many resonances in a mag- 
netic field range of a few hundred gauss. The 
observation of more resonances may enable the 
study of the quantum chaos in ultracold molec- 
ular collisions (17). 

The observed ultracold atom-molecule scat- 
tering resonances probe the short-range reso- 
nance spectrum with exceptional resolution and 
provide valuable information about the PES. So 
far, the accuracy of the PES calculated by solving 
the electronic Schrodinger equation is on the 
order of em’, which is too low to be used to quan- 
titatively understand these resonances. Therefore, 
the experimental observation of ultracold atom- 
molecule resonances challenges the accuracy of 
quantum chemistry simulations. In this sense, 
the observation of ultracold resonances pro- 
vides a well-controlled and powerful tool to 
accurately simulate the quantum many-body 
problem in quantum chemistry. The obser- 
vation of Feshbach resonances also opens up 


Table 1. The Feshbach resonance position Bo and width AB obtained by the Gaussian fits. 
The first three resonances are observed by measuring the loss rates at fixed magnetic fields. The 
other resonances are observed by sweeping the magnetic field. The resonance between 

JO, 0, -—3/2, —2) and |9/2,—7/2) at 101 G is observed by both methods, and the second method 


gives a larger width. 
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Fig. 4. The resonantly enhanced loss features observed by sweeping the magnetic field. (A to E) The remaining molecule numbers are 
plotted as a function of the magnetic field. The loss features provide clear evidence of the atom-molecule Feshbach resonances. The 
resonance between |0,0,—3/2,—2) and |9/2,—7/2) at about 101 G is also observed using this method. The solid red lines are phenomenological 
Gaussian fits with reduced chi-square values of 1.2 (A), 0.81 (B), 0.66 (C), 1.4 (D), and 0.56 (E). The fits are not weighted to error bars. Each 
data point represents the average of five to eight measurements, and the error bars represent 1 SD of the molecule number. 
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SOLAR CELLS 


A Eu”’-Eu”’ ion redox shuttle imparts 
operational durability to Pb-I 
perovskite solar cells 


Ligang Wang’, Huanping Zhou’™*, Junnan Hu’, Bolong Huang”, Mingzi Sun’, 
Bowei Dong’, Guanghaojie Zheng’, Yuan Huang’, Yihua Chen’, Liang Li’, Ziqi Xu’, 
Nengxu Li’, Zheng Liu’, Qi Chen®, Ling-Dong Sun’, Chun-Hua Yan"™* 


The components with soft nature in the metal halide perovskite absorber usually generate 
lead (Pb)° and iodine (I)° defects during device fabrication and operation. These defects 
serve as not only recombination centers to deteriorate device efficiency but also 
degradation initiators to hamper device lifetimes. We show that the europium ion pair 
Eu>*-Eu* acts as the “redox shuttle” that selectively oxidized Pb° and reduced I° defects 
simultaneously in a cyclical transition. The resultant device achieves a power conversion 
efficiency (PCE) of 21.52% (certified 20.52%) with substantially improved long-term 
durability. The devices retained 92% and 89% of the peak PCE under 1-sun continuous 
illumination or heating at 85°C for 1500 hours and 91% of the original stable PCE after 
maximum power point tracking for 500 hours, respectively. 


evice lifetime and power conversion ef- 

ficiency (PCE) are the key factors deter- 

mining the final cost of the electricity 

that solar cells generate. The certified 

PCE of perovskite solar cells (PSCs) has 
rapidly reached 23.7% over the past few years 
(1-9), which is on par with that of polycrystalline 
silicon and Cu(In,Ga)Se, solar cells, but poor 
device stability (10-72) under operating condi- 
tions prevents the perovskite photovoltaics from 
occupying even a tiny market share (13, 14). 
Generally, commercial solar cells come with 
a warranty of a 20- to 25-year lifetime with a 
less than 10% drop of PCE, which corresponds to 
an average degradation rate of ~0.5% per year 
(15). Compared with those inorganic photo- 
voltaic materials—e.g., silicon (IV group) and 
CIGS (I-III-VI group) (16)—the elements or com- 
ponents are mostly large and more polarized in 
organic-inorganic halide perovskite materials, 
such as I, methylammonium (MA‘*), and Pb?*. 
They construct a soft crystal lattice prone to 
deform (17) and vulnerable to various aging 
stresses such as oxygen, moisture (18, 19), and 
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ultraviolet (UV) exposure (20, 27). By encapsula- 
tion (22-24), interface modification (13, 25-29), 
and UV filtration, the device lifetime can be 
prolonged by the temporary exclusion of these 
external environmental factors. 

However, some aging stresses cannot be 
avoided during device operation, including light 
illumination, electric field, and thermal stress, 
upon which both I” and Pb”* in perovskites 
become chemically reactive to initiate the de- 
composition even if they are well encapsulated 
(30). Because of the soft nature of I", Pb”* ions, 
and Pb-I bonding, intrinsic degradation would 
occur in perovskite materials upon various ex- 
citation stresses, which finally induce PCE de- 
terioration. On one hand, I is easily oxidized 
to I°, which not only serve as carrier recombi- 
nation centers but also initiate chemical chain 
reactions to accelerate the degradation in perov- 
skite layers (37). On the other hand, Pb** is prone 
to be reduced to metallic Pb° upon heating or 
illumination, which has been observed in Pb 
halide perovskite films (32, 33). 

Pb” is a primary deep defect state that severely 
degrades the performance of perovskite opto- 
electronic devices (34, 35), as well as their long- 
term durability (36). Furthermore, most soft 
inorganic semiconductors are suffering similar 
instability, such as PbS (37), PbI, (38, 39), and 
AgBr (40), among others. Several attempts 
have been reported to eliminate either Pb° or 
I° defects, like optimizing film processing (42) 
and additive engineering (42-44). To date, these 
additives are mostly sacrificial agents spe- 
cific for one kind of defects, which diminish 
soon after they take effects. Long-term opera- 
tional durability requires the simultaneous elim- 
ination of both Pb° and I° defects in perovskite 
materials in a sustainable manner. 
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We demonstrated constant elimination of 
Pb° and I° simultaneously in PSCs over their 
life span, which leads to exceptional stability 
improvement and high PCE through incorpo- 
ration of the ion pair of Eu®* (f°) © Eu’ (”) as 
the redox shuttle. In this cyclic redox transition, 
Pb° defects could be oxidized by Eu**, while I° 
defects could be reduced by Eu”* at same time. 
The Eu**-Eu’* pair is not consumed during 
device operation, probably because of its 
nonvolatility and the suitable redox potential 
in this cyclic transition. Thus, the champion 
PCE of the corresponding device was pro- 
moted to 21.52% (certified, 20.52%) with 
negligible current density-voltage (J-V) hys- 
teresis. Devices with the Eu®*-Eu** ion pair 
exhibited excellent shelf lifetime and thermal 
and light stability, which suggests that this 
approach may provide a universal solution to 
the inevitable degradation issue during device 
operation. 

The reaction between Pb° and I° is thermo- 
dynamically favored and has a standard molar 
Gibbs formation energy for PbI,(s) of -173.6 kJ/mol 
(45), which provides the driving force for elim- 
inating both defects. However, simply mixing 
metallic Pb and I, powder only led to limited 
formation of PbI, which suggests the presence 
of kinetic barriers at room temperature. To en- 
able elimination of Pb° and I° defects in PSCs 
simultaneously across device life span, we propose 
the “redox shuttle” to oxidize Pb° and reduce I° 
independently, wherein they can be regenerated 
during the complete circle. It requires selectively 
oxidizing Pb° and reducing I° defects without 
introducing additional deep-level defects. After 
finely screening many possible redox shuttle 
additives, the rare earth ion pair of Eu**-Eu** 
was identified as the best candidate, mostly 
owing to their appropriate redox potentials. 
Eu** could easily be reduced to Eu** with the 
stable half-full f’ electron configuration to form 
the naturally associated ion pair. The redox 
shuttle can transfer electrons from Pb° to I° 
defects in a cyclical manner, wherein the Eu** 
oxidizes Pb° to Pb?* and the formed Eu** sim- 
ultaneously reduces I° to I (Fig. 1F). Thus, each 
ion in this pair is mutually replenished during 
defects elimination. 

The proposed redox shuttle eliminates cor- 
responding defects on the basis of the fol- 
lowing two chemical reactions: 


2Eu?* + Pb° > 2Eu?* + Pb?** (1) 
Eu* + [1° > Eu?* +1 (2) 


We first explored the feasibility of the Eu?*-Eu** 
ion pair to promote electron transfer from Pb° to 
I° in solution (Fig. 1A) by dispersing I, (25 mg) 
powder and metallic Pb powder (25 mg) in 2 ml of 
NN,N-dimethylformamide (DMF) and isopropanol 
(IPA) that had a volume ratio of 1:10 as a 
reference solution. The Eu?*-Eu?* ion pair 
was incorporated by further adding europium 
acetylacetonate [Eu(acac)3] (11 mg) into the 2-ml 
solution. Under continuous stirring at 100°C, 
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the sample solution gradually turned from black 
to colorless with a large amount of yellow precipi- 
tates after 60 min, whereas the reference solu- 
tion remained dark brown with little evidence of 
yellow precipitates. 

UV-visible (UV-vis) spectra of the reference 
solution exhibited an absorption peak at ~370 nm 
(Fig. 1B), which we attributed to the presence 
of an I° species (36) that was absent in the 
sample solution, which had an absorption peak 
at ~290 nm that we attributed to a PbI, species. 
Both the I° and Pb° species were effectively 
converted to I and Pb** upon Eu®* addition. An 
x-ray diffraction (XRD) measurement on the pre- 
cipitates revealed both PbI, (12.7°, 25.99, 39.5°) 
and metallic Pb (31.3°, 36.2°, 52.2°) species in 
both cases (Fig. 1C). In the sample, the char- 
acteristic peak intensity ratio of PbI, to me- 
tallic Pb was larger than that of the reference. 
This result further confirmed that Eu®* could 


accelerate the conversion of Pb° and I° to Pb?* 
and I’, respectively. 

When we added Eu(acac)3 to the CH;NH3I 
solution of water/chloroform, we observed no 
I° species absorption peak in the correspond- 
ing UV-vis spectrum (Fig. 1D), showing that 
Eu®* selectively oxidizes Pb° rather than I. 
The stronger oxidizing agent of Fe®* oxidized 
I species, and the absorption peak of I° was 
present. We verified that Eu?* was reduced to 
paramagnetic Eu?* in CH;NH3PbI; (MAPDbI3) 
perovskite films with 1% (Eu/Pb, molar ratio) Eu?* 
incorporated, which showed a strong signal in 
electron paramagnetic resonance (EPR) measure- 
ments (Fig. 1E) that was absent in Eu,O and in 
the reference MAPDI; film. 

We compared the effect of Eu®* by studying 
other ions, including redox-inert Y** and strong 
oxidizing Fe®*, by preparing film samples 
incorporated with 1% metal ions (M/Pb, molar 


ratio) and performed high-resolution x-ray 
photoelectron spectroscopy (XPS) analysis to 
elucidate the potential effects on both Pb° and I° 
defects. As shown in Fig. 2A, the binding energy 
(BE) at 142.8 and 137.9 eV were assigned to 45, 
47/2 of divalent Pb”*, respectively, and the two 
shoulder peaks at 141.3 and 136.4 eV around 
lower BE were associated with metallic Pb°. We 
calculated the intensity ratio of Pb°/(Pb° + Pb?*) 
for three metal-incorporated samples and the 
reference to observe a notable tendency (Fig. 2, A 
and D, and table Si). The Pb° intensity ratio in 
reference reached 5.4%, which is comparable 
to that of Y**-incorporated film. This ratio in 
the perovskite film with oxidative Eu®* and 
Fe** additives was reduced to nearly 1.0%, 
indicating that metallic Pb° was successfully 
oxidized. 

With respect to I° species, it is difficult to ob- 
tain I°/(° + I) ratio by peak fitting accurately 
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Fig. 1. Eu**-Eu2* ion pair promotes the conversion of Pb° and 

1° to Pb@* and I” in solution and perovskite film. (A) I° and Pb° powder 
dispersed in mixed DMF/IPA solvent (volume ratio 1:10) with or 

without Eu°* [Eu(acac)s], and the solutions were stirred at 100°C. 

(B) The UV-vis absorption spectra of the upper solution and (C) XRD 
patterns of the bottom precipitation from the sample and reference 
solutions (after 60 min) shown in (A). (D) The representative solution and 
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the absorption spectra of bottom layer in which MAI mixed with Eu?* 
or Fe** dissolved in water/chloroform. (E) EPR spectra of MAPbIs film 
with or without Eu** incorporation and Eu203 sample, for which the 
value of proportionality factor (g-factor) is 2.0023. (F) Proposed 
mechanism diagram of cyclically elimination of Pb° and I° defects and 


regeneration of Eu 
Ref, reference. 


StF y2t 


metal ion pair. a.u., arbitrary units; 
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because I° species are volatile during the anneal- 
ing process of perovskite film preparation. Thus, 
we examined the ratio of I/Pb and BE shift to 
monitor the iodine evolution indirectly. As shown 
in Fig. 2, B and E, and table S1, we observed the 
similar I/Pb ratio in the reference and the Y°*- 
incorporated sample but a much lower ratio in 
the Fe®* sample. Incorporation of Fe** likely gen- 
erated I° species that were released. A higher I/Pb 
ratio was observed in the Eu®* sample compared 
with the reference, possibly indicating less vola- 
tile I° species produced in the corresponding 
film. Furthermore, the BE of I 3d3,. further con- 
firmed the argument, wherein it shifted toward a 
higher value of 0.3 eV in Fe** sample but lower 
0.2 eV in Eu®* sample as compared with the ref- 
erence. Given the lower BE of I, it clearly showed 
that I” was well preserved in the Eu®* sample. In 
addition, Eu?* was 36% of the total Eu content, 
which further confirmed the Eu®*-Eu”* ion pair 
working as a redox shuttle (Fig. 2C). 

According to the charge conservation rule, the 
amount of I° should be twice that of Pb° involved 
in the entire redox reaction. Iodine species (HI 
and I) are all volatile, which follows the 1:2 molar 
ratio (33). We checked the total change in the 
amount of iodine (AI) and lead (APb°) in the 
film upon the addition of Eu(acac)s, wherein 
AI/APb° was calculated to be 3.5 (see table S1 
and supplementary text). The change in the 
amount of iodine (AI) was about three times 
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that of lead (APb°) during the degradation 
process, indicating that the amount of I° species 
preserved was twice that of Pb° species con- 
sumed upon redox shuttle addition. In the 
context of a redox reaction, the standard elec- 
trode potential (E°) is often used as a reference 
point to rationally predict the occurrence of 
the reaction. According to the E® of each half 
reaction involved (which may deviate in solid 
materials) (table $2), Fe®* is too oxidative and 
oxidizes Pb° and I simultaneously. On the con- 
trary, Eu®* exhibited the suitable E° to selec- 
tively oxidize Pb° without I” oxidation, while 
the reduction product of Eu?* reduced I° to I” 
at same time. Thus, the constant elimination of 
Pb° and I° defects still preserved the Eu?*-Eu?* 
ion pair. 

We examined the effectiveness of Eu®*-Eu 
redox shuttle in the film. Metallic Pb° is the major 
accumulated defect in aged perovskite films be- 
cause of its nonvolatility (33). The content of Pb° 
is a measure of the extent of decomposition in 
the perovskite film. When the sample was sub- 
jected to 1 sun illumination or 85°C aging condi- 
tion for more than 1000 hours, the Pb°/ (Pb° + 
Pb”*) ratio in films with redox shuttle were 2.5% 
or 2.7%, compared with 7.4% or 11.3% in the 
reference film, respectively, as shown in fig. S1 
and table S3. The redox shuttle can preserve the 
I/Pb ratio in the aged film. Meanwhile, the cor- 
responding I/Pb ratio in Eu®*-incorporated film 
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was 2.68 or 2.57 as compared with that of ref- 
erence 2.30 or 2.13, indicating the perovskite film 
was well preserved. 

We also examined the crystallographic and 
optoelectronic properties perovskite films with 
the redox shuttle. According to XRD results, the 
phase structure was retained in the perovskite 
films with improved crystallinity upon Eu®* ad- 
dition (figs. S2 to S4). No residual acetylacetonate 
anion was detected by XPS and Fourier transform 
infrared spectroscopy measurement (figs. S5 and 
S6). The Eu®*-Eu* ions were concentrated near 
the film surface, wherein the detected Eu/Pb ratio 
was much higher than the precursor ratio (table S1). 
When the Eu(acac)s was introduced from 0.15 to 
4.8%, we observed neither extra diffraction peaks 
nor an obvious shift of diffraction peaks in the 
XRD patterns (figs. S2 to S4), which indicates 
that Eu®*-Eu* ions may not necessarily accom- 
modate in the crystal lattice. 

Given the similar radius of Eu?* [117 pm (46)] 
and Pb”* (119 pm), however, we cannot confi- 
dently rule out the possibility that Eu?* replaces 
Pb?* at B site, wherein direct evidence is ex- 
pected. In addition, europium-iodine-based 
organic-inorganic perovskite (47) and lanthanide 
ions doped CsPbX; perovskite nanocrystals were 
found in previous reports (48). The morphology 
and grain size of the perovskite film with the tiny 
amount redox shuttle remained similar to the 
reference (Fig. 3A and fig. S7). Also, we did not 
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Fig. 2. High-resolution XPS spectra of Pb 4f, | 3d, and the Eu 3d of perovskite films with the incorporation of 1% M/Pb different acetylacetonate 
metal salts [M(acac)3, M = Eu**, Y°*, Fe?*]. (A) Pb 4f spectra, the insertions are the enlarged spectra of Pb° 4f. (B) | 3d spectra. (C) Eu 3d spectra. 
(D) Fitted results of the Pb°/(Pb°+Pb**) ratio. (E) Fitted results of I/Pb ratio. 
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observe obvious orientation variation by synchro- 
tron grazing-incidence wide-angle x-ray scattering 
(GIWAXS) analysis (Fig. 3B and fig. S8). 

In addition, the optical bandgap of the 
perovskite film upon Eu®* addition was calcu- 
lated to be 1.55 eV, similar to that of the reference 
(fig. S9). The photoluminescence (PL) intensity 
(fig. S10) and carrier lifetime (Fig. 3C) increased 
in the perovskite film with the incorporation of 
Eu", indicating the decrease of nonradiative re- 
combination centers from defects elimination. 
The improvement of the morphology and grain 
size could also lead to the increased PL lifetime, 
so the defects reduction should be further con- 
firmed by other methods. We used the space 
charge-limited current (SCLC) measurement to 
quantify the defect density Nacfecs of 5.1 x 10° 
and 1.5 x 10° cm™® for Eu*-incorporated sam- 
ples and the reference, respectively (Fig. 3D). 

We studied the influence of the Eu®*-Eu?* 
ion pair on the formation energies of redox reac- 
tion, lattice stability, and energy band structure 
by density functional theory (DFT) calculations. 
To construct the model, a small fraction of metal 
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Fig. 3. Influence of morphology, orientation, electronic structure, 
carrier behaviors of Eu**-incorporated perovskite film, and results 

of DFT calculations. The characterization of reference and 0.15% 
Eu?*-incorporated perovskite film: (A) scanning electron microscopy images; 
(B) GIWAXS data; (C) time-resolved photoluminescence spectra; (D) J-V 
characteristics of devices (ITO/perovskite/Au), used for estimating the 
SCLC defects concentration (Ndefects = 2e€0VtrL/eL*, e and ep are the 
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ions (Eu®*) was intercalated into two adjacent 
lattices (Fig. 3E), given the observation that Eu 
was concentrated at surfaces and grain bounda- 
ries. The formation energies for defects elim- 
ination (Eqs. 1 and 2) were calculated (Fig. 3F). 
For both reference and Eu®*-incorporated sys- 
tems, the half reactions related to Pb° elimination 
required a substantially high potential energy as 
the main barrier, whereas the I° elimination half 
reactions were comparably favorable. However, 
after introducing Eu species at the interface, the 
barrier in Pb° elimination half reactions was 
greatly decreased, but the barrier for I° elimi- 
nation half reactions decreased only slightly. With 
the assistance of Eu species at the interface, the 
overall redox potential energy has been much low- 
ered, representing an energetical stabilization trend 
for the charge-transfer reaction (Fig. 3F). 

We also compared the thermodynamic prop- 
erties for reference and Eu-incorporated systems. 
Figure 3G shows that the MAPbI, with Eu in- 
corporation has a steeper slope in change of free 
energy AG than in that of reference, meaning 
that Eu-incorporated MAPbI; shows a more 
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energetically favorable physicochemical trend 
than pure MAPDI; does. Additionally, it reveals 
Eu incorporation in MAPbI, materials did not 
bring in obvious electronic disorders as extra 
traps (fig. S11). 

We incorporated the perovskite absorber 
equipped with the redox shuttle in two device 
configurations. One is based on ITO/TiO,/ 
perovskite/spiro-OMeTAD/Au, wherein spiro- 
OMeTAD refers to 2,2',7,7'-tetrakis-(N,N-di-p- 
methoxyphenylamine)-9,9’-spirobifluorene, with 
MAPDbI,(Cl). The other is based on ITO/SnO,/ 
perovskite/spiro-OMeTAD (modified)/Au for higher 
PCE and stability, with (FA,MA,Cs)Pb(I,Br)3(Cl), 
in which FA is formamidinium. Both perovskites 
were deposited by means of a traditional two-step 
method, during which Eu(acac), or other additives 
were added in PbI,/DMF precursor solution. 
The two devices showed similar trends (Fig. 4A 
and fig. S12). The Eu®*-incorporated devices ex- 
hibited the best PCE, whereas the Fe?*-incorporated 
devices suffered from the markedly decreased PCE. 
The average PCE increased from 18.5 to 20.7% in 
the mixed perovskite upon Eu®* addition (Fig. 4A), 
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dielectric constants of perovskite and vacuum permittivity, L is the 
thickness of the perovskite film, and e is the elementary charge). 

(E) The interface ultrathin Eu clustering-layer-incorporated structural 
model. (F) Left: half-reaction potential barriers; right: overall redox 
charge-transfer reaction barrier for Eu incorporated at the interface. 

(G) The summary of AG between MAPbI3 and MAPbI3 incorporated with 
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which is attributed to the effective defects 
elimination. We attributed the decreased PCE 
in Fe**-incorporated devices to the additional I° 
defects introduced by oxidation. 

One of the optimized devices achieved the PCE 
of 21.52% (reverse 21.89%, forward 21.15%) (Fig. 
4B) with negligible hysteresis (certified reverse 
20.73%, forward 20.30%, average 20.52%, certificate 
attached in fig. S13). The measured stable output 
at maximum point (0.97 V) was 20.9%. Integrating 
the overlap of the incident-photon-to-current- 
efficiency spectrum of Eu?*-incorporated PSCs 
under the AM 1.5-G solar photon flux generated 
the current density of 23.2 mA-cm™ (fig. S14). 
The stabilized J-V performance of PSCs was 
evaluated as follows (49): parameters are mea- 
sured under a 13-point IV sweep configuration 
wherein the bias voltage (current for open circuit 
voltage Voc determination) is held constant until 
the measured current (voltage for Voc) was deter- 
mined to be unchanging at the 0.05% level. The 
original, stabilized, and poststabilized efficiency 


of Eu®*-incorporated PSCs tested by third-party 
certification institution were similar, which in- 
dicates the stable characteristics of the devices 
(fig. S15). 

The shelf lifetime of the corresponding devices 
was investigated, wherein the PCE evolution was 
descripted for solar cells stored in an inert en- 
vironment (Fig. 4C). With the Eu®*-Eu?* redox 
shuttle incorporated, the devices maintained 
90% of the original PCE even after 8000 hours 
storage because of improved long-term Voc, 
short-circuit current density (Jgc) and fill factor 
(FF) stability (fig. $16). Although the stability of 
Y**-incorporated PSCs was comparable to the 
reference, Fe**-incorporated PSC showed severely 
deteriorated stability, which lost the photoelectric 
conversion capability completely after merely 
2000 hours of storage. 

To estimate the stability of Eu®*-incorporated 
PSCs under operational conditions, half solar 
cells were subjected to either continuous 1 sun 
illumination or 85°C aging condition, respectively 


(Fig. 4D), in which the top charge-transfer ma- 
terials and electrode were deposited after aging 
test. Improved long-term Voc and FF stability 
(fig. S17) allowed the devices, after 1000 hours, 
to retain 93% of the original PCE continuous 
1 sun illumination or 91% after heating at 85°C. 
Several previous studies showed that small- 
molecule spiro-OMeTAD would crystallize under 
thermal stress and create pathways that allow 
for an interaction of the perovskite and the 
metal electrode (50, 51). By modifying the hole- 
transport materials (spiro-OMeTAD) with con- 
ductive polymer poly(triarylamine), the full 
devices incorporated with the Eu?*-Eu?* ion 
pair maintained 92% and 89% of the original 
PCE because of obvious long-term Voc and FF 
stability improvement (fig. S18) under the same 
light or thermal stress for 1500 hours, respectively 
(Fig. 4E). Furthermore, the Eu**-incorporated full 
devices could maintain 91% of the original stable 
PCE tracked at maximum power point (MPP) for 
500 hours (Fig. 4F). 
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Fig. 4. Long-term stability and original performance evolution of PSCs. 
(A) Original performance evolution based on (FA,MA,Cs)Pb(I,Br)3(Cl) 
perovskite with the incorporation of 0.15% different M(acac)3 (M = Eu®*, 
Y>* Fe°*). (B) The J-V curve, stable output (measured at 0.97 V), and 
parameters of 0.15% Eu?*-incorporated champion devices. (C) Long-term 
stability of PSCs based on MAPbI3(Cl) perovskite absorber with the 
incorporation of 0.15% different [M(acac)3 (M = Eus*, Y3*, Fe?*)], stored in 
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inert condition. The PCE evolution of Eu**-Eu?*-incorporated and reference 
devices under 1 sun illumination or 85°C aging condition: (D) half PSCs 
(original PCE: 0.15% Eu®* incorporated PSCs, 19.21 + 0.54%: reference 
PSCs, 18.05 + 0.38%) and (E) full PSCs (original PCE: 0.15% 

Eus* incorporated PSCs, 19.17 + 0.42%: reference PSCs, 1782 + 0.30%). 
Scanning speed is 20 mV/s. (F) The MPP tracking of 0.15% Eu®*-incorporated 
device, measured at 0.97 V and 1-sun illumination. 
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Concise total syntheses of 
(-)-jorunnamycin A and (-)-jorumycin 
enabled by asymmetric catalysis 


Eric R. Welin’, Aurapat Ngamnithiporn’, Max Klatte’, Guillaume Lapointe’, 

Gerit M. Pototschnig’, Martina S. J. McDermott”, Dylan Conklin”, 

Christopher D. Gilmore’, Pamela M. Tadross’, Christopher K. Haley’, Kenji Negoro’, 
Emil Glibstrup’, Christian U. Griinanger’, Kevin M. Allan’, Scott C. Virgil’, 


Dennis J. Slamon”*, Brian M. Stoltz'* 


The bis-tetrahydroisoquinoline (bis-THIQ) natural products have been studied intensively 
over the past four decades for their exceptionally potent anticancer activity, in addition 
to strong Gram-positive and Gram-negative antibiotic character. Synthetic strategies 
toward these complex polycyclic compounds have relied heavily on electrophilic aromatic 
chemistry, such as the Pictet-Spengler reaction, that mimics their biosynthetic pathways. 
Herein, we report an approach to two bis-THIQ natural products, jorunnamycin A and 
jorumycin, that instead harnesses the power of modern transition-metal catalysis for the 
three major bond-forming events and proceeds with high efficiency (15 and 16 steps, 
respectively). By breaking from biomimicry, this strategy allows for the preparation of a 


more diverse set of nonnatural analogs. 


he bis-tetrahydroisoquinoline (bis-THIQ) 

natural products have been studied in- 

tensively by chemists and biologists alike 

during the 40+ years since their initial dis- 

covery because of their intriguing chemical 
structures, potent biological activities, and unique 
mechanisms of action (1, 2). Jorumycin (1) (Fig. 1) 
and its congeners ecteinascidin 743 (Et 743, 2) 
and jorunnamycin A (3) have a pentacyclic car- 
bon skeleton, highly oxygenated ring termini, and 
a central pro-iminium ion (manifested either as 
a carbinolamine or an a-aminonitrile motif). 
This latter functionality serves as an alkylating 
agent in vivo, resulting in covalent modification 
of DNA in a process that ultimately leads to cell 
death (3). The promise of these natural products 
as anticancer agents has been realized in the 
case of Et 743 (Yondelis, trabectedin), which has 
been approved in the United States, Europe, 
and elsewhere for the treatment of a variety 
of drug-resistant and unresectable soft-tissue 
sarcomas and ovarian cancer (3). Although 2 
is available from nature, isolation of 1 g of the 
drug would require more than one ton of bio- 
logical material. For this reason, the successful 
application of 2 as an antitumor agent has 
necessitated its large-scale chemical synthesis, a 
21-step process that begins with cyanosafracin A, 
a fermentable and fully functionalized bis-THIQ 
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natural product (4). This has restricted medicinal 
chemistry endeavors through this route to the 
production of only compounds with a high degree 
of similarity to the natural products themselves. 
Although 1 and 3 have quinone rings, these 
moieties are rapidly reduced in cells to their 
hydroquinone oxidation states, more closely 
resembling those of 2 (5). These highly electron- 
rich functional groups are key components in 
the biosynthetic pathways of the bis-THIQs, which 
are forged by the action of Pictet-Spenglerase 
enzymes (6, 7). Previously reported chemical 
syntheses of bis-THIQ natural products feature 
elegant and creative application of electrophilic 
aromatic substitution (EAS) chemistry for the 
construction of one or more of the THIQ motifs. 
Though highly enabling, this approach has also 
limited the synthesis of nonnatural analogs to 
highly natural product-like derivatives. As a key 
example, despite the scores of analogs produced 
over the past few decades (8-11), the majority 
of the derivatives focus on substitution of the 
heteroatom moiety appended to the B-ring 
(compare structure 4) (Fig. 1), and only a select 
few have substantial structural and substi- 
tutional variation around the aromatic or 
quinone A- and E-rings (8-2). Furthermore, de- 
rivatives possessing electron-withdrawing groups 
on these rings are inaccessible using biomimetic 
approaches, as these would inhibit the EAS 
chemistry used to construct the THIQs. This 
latter point is important, as studies have in- 
dicated that the smaller bis-THIQ natural pro- 
ducts such as 1 and 3 are more susceptible to 
metabolic degradation than Et 743 and other 
larger bis-THIQs (72, 13), and the installation 
of electron-withdrawing groups is a commonly 
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employed strategy to improve a drug molecule’s 
metabolic stability (14). 

Jorumycin has been the target of four total 
syntheses (75-18) and two semisyntheses (19, 20) 
since its isolation in 2000 (27), and jorunnamycin 
A has frequently been prepared en route. Jorumycin 
displays median inhibitory concentrations (IC;9s) 
of 0.24 nM versus A549 lung cancer, 0.49 nM 
versus DU145 prostate cancer, and 0.57 nM versus 
HCT116 colon cancer (/7, 19, 27), among others, 
thus offering immense therapeutic potential. 
Furthermore, jorumycin and jorunnamycin A 
are appealing targets for further synthetic elab- 
oration: the oxygen substitution appended to 
the B-ring (compare structure 4, X = OH, Fig. 1) 
could allow rapid diversification to the ecteinascidin, 
saframycin, safracin, and renieramycin scaffolds 
(1). To overcome the limitations of the current 
state of the art with respect to analog diversity, 
we sought an alternative, nonbiomimetic route 
to these natural products. 

Specifically, we envisioned the retrosynthetic 
strategy shown in Fig. 2A. We posited that a late- 
stage oxygenation event to provide jorumycin (1) 
would greatly simplify the construction of the 
precursor, pentacycle 6. We then considered 
disconnection of the central C-ring (compare 
Fig. 1) through cleavage of the lactam moiety in 
6, providing bis-THIQ compound 7. Critically, 
bis-THIQ structure 7 was recognized as a po- 
tential product of an enantioselective hydrogen- 
ation of bis-isoquinoline 8. The central biaryl 
bond of 8 could be formed through a C-H cross- 
coupling reaction, leading to isoquinoline mono- 
mers 9 and 10, thus greatly simplifying the 
synthetic challenge. As a key advantage, iso- 
quinolines 9 and 10 could be prepared through 
the application of any known method, not lim- 
ited only to those requiring highly electron-rich 
and n-nucleophilic species. Crucially, this ap- 
proach would allow access to the natural prod- 
ucts themselves, as well as derivatives featuring 
substantial structural and/or electronic variation. 

As shown in Fig. 2B, we initiated our syn- 
thetic studies with the Sonogashira coupling 
of aryl bromide 11 (available in two steps from 
3,5-dimethoxybenzaldehyde, see supplementary 
materials) with tert-butyldimethylsilyl propargyl 
ether (12); simply adding solid hydroxylamine 
hydrochloride to the reaction mixture after the 
coupling provided oxime-bearing alkyne 13 in 
99% yield. Catalytic silver(1) triflate activated 
the alkyne toward nucleophilic attack by the 
oxime, directly generating isoquinoline N-oxide 
9 in 77% yield on up to a 12-g scale (22). Next, we 
began our synthesis of isoquinoline triflate 10 by 
using aryne-based methodology developed in our 
laboratories (23). Silyl aryl triflate 14 (available in 
three steps from 2,3-dimethoxytoluene, see sup- 
plementary materials) was treated with cesium 
fluoride to generate the corresponding aryne 
intermediate in situ, which underwent aryne acyl- 
alkylation with in situ condensation to provide 
3-hydroxy-isoquinoline 16 in 45% yield. Reac- 
tion with trifluoromethanesulfonic anhydride 
provided electrophilic coupling partner 10 in 
94% yield. 
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With working routes to both isoquinoline 
monomers in hand, we turned our attention 
to the palladium-catalyzed cross-coupling re- 
action that would be used to construct the car- 
bon skeleton of jorumycin. We were pleased to 
find that isoquinolines 9 and 10 were efficiently 
coupled under modified conditions developed 
by Fagnou and co-workers to provide bis- 
isoquinoline 18 in 94% yield on a 7-g scale (24). 
This large-scale application of C-H activation 
likely proceeds through a transition state sim- 
ilar to 17 and allows for the direct construction 
of 18 without the need for prefunctionalization 
(25). The excess of N-oxide 9 required to achieve 
maximum levels of efficiency appears to be due 
only to kinetic factors, as all excess 9 was re- 
covered after the reaction. 

At this stage, we sought to install the level of 
oxidation necessary to initiate our hydrogenation 
studies (Fig. 2C). Specifically, this required se- 
lective oxidation of the nitrogen-adjacent methyl 
and methylene groups on the B- and D-rings, re- 
spectively. We attempted a double-Boekelheide 
rearrangement to transpose the N-oxidation to 
both C-positions simultaneously, effecting for- 


mal C-H oxidation reactions (26). However, after 
oxidation to intermediate bis-N-oxide 19, only 
the B-ring azine underwent rearrangement. De- 
spite this setback, we found that it was possible 
to parlay this reactivity into a one-pot protocol 
by adding acetic anhydride upon complete oxi- 
dation, providing differentially protected diol 
20 in 62% yield. N-O bond cleavage and oxyl- 
mediated oxidation provided bis-isoquinoline 
8 in two additional steps. To date, we have pro- 
duced more than 5 g of bis-isoquinoline 8. 
With a scalable route to isoquinoline 8 in 
hand, we turned our attention to the key hydro- 
genation event. If successful, this strategic dis- 
connection would add four molar equivalents of 
hydrogen, create four new stereocenters, and 
form the central C-ring lactam. Although the 
enantioselective hydrogenation of nitrogen- 
based heterocycles is a well-studied reaction, 
isoquinolines are possibly the most challenging 
and least investigated substrates (27). To our 
knowledge, only four reports existed before our 
studies that described asymmetric isoquinoline 
hydrogenation, and only one appeared to tolerate 
1,3-disubstitution patterns (28-37). 


We nonetheless noted that metal-catalyzed 
imine and carbonyl reduction is a comparatively 
successful and well-studied transformation (32, 33). 
We were drawn to the iridium catalyst devel- 
oped by scientists at Ciba-Geigy (now Syngenta) 
for asymmetric ether-directed imine reduction 
in the preparation of metolachlor (34). Consider- 
ing the positioning of the hydroxymethyl group 
appended to the B-ring of 8 and the electronic 
similarity of the adjacent C1-N n-bond to that 
of an imine, we posited that a similar catalytic 
system might be used to direct the initial reduc- 
tion to this position (Fig. 3). Furthermore, the 
chelation mode was attractive as a scaffolding 
element to enable enantioselective Si-face re- 
duction. In keeping with previous observations 
(28-31), we anticipated that full B-ring reduction 
would provide cis-mono-THIQ 22 as the major 
product. We believed that 22 would then act as 
a tridentate ligand for a metal ion (although not 
necessarily the catalytically active species), and that 
the three-dimensional coordination environment 
of metal-bound 22eM would direct D-ring hydro- 
genation from the same face. Finally, the all-syn 
nature of 7 places the ester moiety in proximity to 


Bis-Tetrahydroisoquinoline (bis-THIQ) natural products: Alkaloids that display exceptional anticancer activity 


(-)-Jorumycin 


Conventional, Biomimetic Approach: 


Pictet-Spengler, Bischler—Napieralski 


Ecteinascidin 743 (Yondelis, trabectidin) 


Pentacyclic bis-THIQ Core 


Jorunnamycin A 


Our Approach (this research): 


Cross Coupling/Reductive Cyclization 


A non-biomimetic approach will produce complementary analogs for bioactivity and medicinal chemistry studies 


Fig. 1. bis-THIQ natural products. Jorumycin (1), ecteinascidin 743 (2), and jorunnamycin A (3). Ac, acetyl; G, oxygen or carbon substitution; 
Me, methyl; R, generic alkyl substitution; X, oxygen or nitrogen substitution. 
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A Retrosynthesis of (-)-Jorumycin 


oxygenation 


(-)-Jorumycin Me: 


~ lactam formation 


OH 
Me 6 OMe TBSO 
MeO. OMe Me N 
N * 
A MeO 7" >o7 
Me xX S => 9 
Ny\ ONT ~co2Me Me \ OTf 
no 
MeO 7 Meo oN 
lel 
OMe Fagnou 
‘OH coupling OMe Me 
7 8 10 
B Synthesis of lsoquinoline Monomers 9 and 10 and Fagnou Coupling 
OMe Gomes 12 OTBS OMe OTBS 
OMe 
Me. Br (PPh3),PdCl, (5 mol %) AgOTf (2 mol %) Me. 
———————> me BA —_____> S 
Cul (5 mol %) CHCl, 40 °C Nt 
MeO CHO . ° N i MeO fe] 
#Pr2NH, 70 °C, 18h Meo s SoH 30 min 
1 then, NH,OH-HC! 13 ; 9 
(99% yield) (77% yield) 


15 
M OTf pee a M OH Mi OTf 
Bee Me’ OMe : S Tf,0, pyridine ba S 
OT 


Meo’ TMs CSF, MeCN, 80°C,2h Meo ZN CH,CL,0°C Meo ZN 
OMe then, aq. NH,OH OMe Me 30 min OMe Me 
60°C, 8h 
“ (45% yield) 18 (94% yield) 10 


9 
Gay Pd(OAc)2 (20 mol %) 
equiv, 
4 P(tBu),Me*HBF, (50 mol %) 
: 
10 CsOPiv (40 mol %) 
F Cs,CO; (3.5 equiv) 
(1 equiv) ee OMe Me 18 


PhMe, 130 °C, 4.5h 


(93% yield) 


7-gram scale 
all excess 9 recovered 


C Synthesis of Hydrogenation Precursor 8 


Me 


not Meo. 
isolated 


MeReQ; (6 mol %) Ac.0, 23 °C 
8 

aq. H0>, CH,Clp Me. 12h 

23°C, 1h (62% yield) 

MeO 
OMe Me 
Me 
OMe TEMPO 


Fe® (10 equiv) 
AcOH, 50 °C, 3h 
—.. ie! 
then, KF (10 equiv) 
23°C, 12h 


NHS, PhI(OAc), 
CH,Cl,, 23 °C, 3h 
—___ Me 
then, p-TsOH-H,O 
OH MeOH, 65°C, 5h 


CO,Me 


MeO MeO >5 grams 


(61% yield) 21 (65% yield) produced 


OAc 
Fig. 2. Considerations for an orthogonal synthesis of jorunnamycin A and jorumycin. 

(A) Retrosynthetic analysis leading to a synthesis of jorumycin that deviates from previous synthetic 
strategies. (B) Isoquinoline 9 and 10 were synthesized in two steps each from aryl bromide 11 and 
ortho-silyl aryl triflate 14, respectively. (C) Boekelheide rearrangement provided an efficient and 
scalable route to bis-isoquinoline 8 under mild conditions. aq., aqueous; equiv, molar equivalent; i-Pr, 
isopropyl; MeCN, acetonitrile; NHS, N-hydroxysuccinimide; Ph, phenyl; Piv, trimethyl-acetyl; 
p-TSOH*H20, para-toluenesulfonic acid monohydrate; TBS, tert-butyldimethylsilyl; t-Bu, tert-butyl; 
TEMPO, 2,2,6,6-tetramethylpiperidine-N-oxyl; Tf, trifluoromethanesulfonyl; TMS, trimethylsilyl. 
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B-ring secondary amine, and we expected lac- 
tamization to be rapid. If successful, this self- 
reinforcing diastereoselectivity model would allow 
for control over the four new stereocenters and 
produce the bis-THIQ core in a single step. 

Upon beginning our enantioselective hydro- 
genation studies, we found that we could identify 
trace amounts of conversion to mono-THIQ pro- 
duct 22 by using the catalyst mixture developed 
at Ciba-Geigy (34), thus confirming the accel- 
erating effects of the pendent hydroxy directing 
group. Under these general conditions, we then 
performed a broad evaluation of more than 60 
chiral ligands commonly used in enantioselective 
catalysis protocols (see supplementary mate- 
rials). From this survey, we identified three 
ligands that provided 22 in at least 80% en- 
antiomeric excess (ee) and with uniformly 
excellent diastereoselectivity [all >20:1 diaster- 
eomeric ratio (dr)]: (S)-(CF3)-t-BuPHOX (23, Entry 
2, 22% yield, -82% ee), (S,S)-Et-FerroTANE (24, 
Entry 3, 26% yield, -87% ee), and (S,Rp)-Xyliphos 
(25, Entry 4, 30% yield, 80% ee). After evaluating 
these ligand classes further, we identified (S,Rp)- 
BTFM-Xyliphos (26) (35) as a strongly activating 
ligand that provided mono-THIQ 22 in 83% yield, 
>20:1 dr, and in a remarkable 94% ee (Entry 5). 
Moreover, we found that ligand 26 formed a 
catalyst that provided pentacycle 6 as a single 
diastereomer in 10% yield. Further evaluation 
of the reaction parameters revealed that in- 
creasing temperature provided higher levels 
of reactivity, albeit at the expense of enantio- 
selectivity (Entry 6, 31% yield of 22, 87% ee, 
43% yield of 6). The best results were achieved 
by performing the reaction at 60°C for 18 hours 
and then increasing the temperature to 80°C 
for 24 hours. Under these conditions, 6 was 
isolated in 59% yield with >20:1 dr and 88% ee 
(Entry 7) (36). In the end, doubling the catalyst 
loading allowed us to isolate 6 in 83% yield, 
also with >20:1 dr and 88% ee (Entry 8) on 
greater than 1-mmol scale. bis-THIQ 6 could 
be easily accessed in enantiopure form [>99% ee 
by high-performance liquid chromatography 
(HPLC)] by crystallization from a slowly evap- 
orating acetonitrile solution, and we were able 
to confirm the relative and absolute stereo- 
chemistry by obtaining an x-ray crystal structure 
on corresponding 4-bromophenyl sulfona- 
mide 27. In the context of this synthesis, the 
relatively high catalyst loading [20 mole % 
(mol %) Ir] is mitigated by the substantial 
structural complexity generated in this single 
transformation. 

At this stage, we were poised to investigate 
the third and final key disconnection from our 
retrosynthetic analysis, namely, late-stage C-H 
oxidation of the arenes (Fig. 4). To set up this 
chemistry, the piperazinone N-H of 6 was meth- 
ylated under reductive amination conditions in 
quantitative yield. Despite numerous attempts to 
effect catalytic C-H oxidation on this advanced 
intermediate, we found that a two-step proce- 
dure was necessary instead. We were able to 
chlorinate both of the remaining aromatic po- 
sitions, providing bis-THIQ 28 in 68% yield. 
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Me 1Q 
42H, 
MeO a 
OMe Ss 
OH Hy 
8 22 


» directed Si-face reduction of 8 leads to enantioenriched generation of intermediate 22 - 


Hz (60 bar) 

[Ir(cod)Cl], 

—_——_ 

TBAI, L* 
temp., 18h 
(R = CO,Me) 
entry catalyst loading ligand temperature 

1 5 mol % 25 23°C 
2 5 mol % 23 60°C 
3 5 mol % 24 60°C 
4 5 mol % 25 60°C 
5 5 mol % 26 60°C 
6 5 mol % 26 80°C 
7 5 mol % 26 60°C > 80°CS 
8 10 mol % 26 60°C > 80°C 


Fig. 3. Development of the enantioselective hydrogenation. 

(A) Stereochemical rationale for the enantio- and diastereoselective 
hydrogenation of bis-isoquinoline 8. (B) Optimization of the hydrogenation 
reaction. Unless otherwise noted, all reactions were performed in 9:1 
toluene:acetic acid (0.02 M) by using a 1.2:1 ligand:metal ratio and a 3:1 
iodide:metal ratio under a hydrogen atmosphere (60 bar) for 18 hours. 
*Measured by ultra-HPLC—mass spectrometry ultraviolet absorption 
versus 1,3,5-trimethoxybenzene internal standard unless otherwise noted. 
+Measured by chiral HPLC analysis. {Measured by 'H-NMR analysis of 


From here, we once again turned to catalysis, 
this time for the oxygenation of aryl halides. 
After extensive investigation, we found that 
Stradiotto and co-workers’ recently developed 
protocol for the hydroxylation of aryl halides 
was uniquely effective (37). Further optimization 
revealed that the combination of adamantyl 
BippyPhos ligand with Buchwald’s cyclometa- 
lated palladium(II) dimer was ideal (38), pro- 
viding dihydroxylated bis-THIQ 29 in 46% yield, 
an impressive result for such a challenging cou- 
pling reaction on a sterically large, electron-rich, 
and Lewis-basic substrate in the final stages of 
the synthesis. Partial lactam reduction with cya- 
nide trapping proceeded in 50% yield, and oxi- 
dation of the phenols provided jorunnamycin A 
(3) in only 15 linear steps. We isolated hemi- 
acetal 30 in 33% yield, which was surprising 
given the generally low stability of acyclic 
hemiacetals. Finally, we developed conditions 
for the conversion of jorunnamycin A into 
jorumycin in a single step, providing 1 in 68% 
yield in 16 linear steps (7). Jorunnamycin A (3) 
and jorumycin (1) are produced in 0.24% and 
0.17% yield, respectively, from commercially 
available materials, but key bis-THIQ 6, the 
branching point for derivative synthesis, is 
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top face blocked 


Me 
¢ S-ome +2H, 
oo” 
N 
‘CO,Me 
a 
H, 


yield 22* ee 2at yield 6* dr 6+ ee 6t 
2% ND 0% - - 
22% 82% 0% - - 
26% 87% 0% - - 
30% 80% 0% - - 
83% 94% 10% >20:1 ND 
31% 87% 43% >20:1 ND 
7% 94% 59%! >20:1 88% 
3% 94% 83%! >20:1 88% (>99%)* 


3,5-dimethylphenyl. 


accessed over 10 steps in 5.0% overall yield 
on greater than 500-mg scale. These efforts 
are similar to Zhu and co-workers’ elegant 
synthesis of jorumycin with regard to brev- 
ity (16). 

Central to the anticancer activity of the bis- 
THIQ natural products is the capacity to alkylate 
DNA upon loss of water or cyanide from the 
central carbinolamine or o-cyanoamine, re- 
spectively (39). After alkylation, compelling 
evidence suggests formation of reactive ox- 
ygen species (5) or DNA-protein cross-links 
(8, 40) leads to cell-cycle arrest or cell death. 
We therefore synthesized analogs 31 to 34, 
which feature the nonoxygenated framework 
as well as all permutations of partial and full 
oxygenation. The activity of this series would 
allow us to determine the relative importance 
of the location and degree of oxygenation on 
the A- and E-rings, the structure-activity rela- 
tionships of which have not previously been 
explored. 

With the backdrop that preclinical efficacy 
studies are complex and demanding, we con- 
ducted very preliminary studies to probe the 
relative cytotoxicity of synthetic analogs 31 to 
34 and established that modifying one site on 
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fo} 
| 
(p-CF3Ph),P =—-N » 


* three-dimensional structure of 22°M leads to substrate-reinforced diastereoselectivity - 


CF, Ft 


Bu 


23: (S)-(CF,)-BuPHOX 24: (S,S)-Et-FerroTANE 


Me 


(Xyl)2P 
(Ar)2P~ Fe 


25: (S,R,)-Xyliphos (Ar = Ph) 
26: (S,R,)-BTFM-Xyliphos 


[Ar = 3,5+(CF3)2Ph] 27: p-BrPhSO,-6 


the crude reaction mixture. §Reaction performed at 60°C for 18 hours; 
then the temperature (temp.) was raised to 80°C and maintained at that 
temperature for 24 hours. Yield of isolated product after column 
chromatography using 10.5 mol % 26 in entry 7 and 21 mol % 26 in entry 8. 
#After one recrystallization. Ar, aryl; BTFM, 3,5-bis-trifluoromethylphenyl: 
cod, 1,5-cyclooctadiene; dr, diastereomeric ratio (major isomer versus all 
others); Et, ethyl; 1Q, 3-carbomethoxy-5,7-dimethoxy-6-methylisoquinolin-1- 
yl; ND, not determined; TBAI, tetra-n-butylammonium iodide; Xyl, 


the scaffold greatly diminishes cytotoxicity, 
whereas other modifications conserved cyto- 
toxicity. The cytostatic and cytotoxic properties 
of 31 to 34 were determined using long-term, 
growth-maximizing assay conditions against 
29 cancer cell lines known to be responsive 
in vitro to other general cytotoxics (Fig. 5, see 
also table S12) (47, 42). Cells were routinely 
assessed for mycoplasma contamination by 
using a multiplex polymerase chain reaction 
(PCR) method and short tandem repeat profil- 
ing for cell-line authentication. This methodol- 
ogy differs markedly from the standard 72-hour, 
luminescence-based cytotoxicity assays employed 
most commonly for in vitro quantification of 
drug response. This approach was chosen be- 
cause it is specifically well suited to determine 
the activity of compounds wherein antiproli- 
ferative effects occur over a longer time period 
than standard cytotoxic agents. Removal of both 
phenolic oxygens resulted in a complete loss in 
activity (i.e., 31, all ICs9s > 1 uM), whereas fully 
oxygenated bis-THIQ 34 showed cytotoxicity. 
The most notable results were provided by 32 
and 33, which have A- and E-ring monohydrox- 
ylation, respectively. Whereas compound 32, 


which is devoid of E-ring oxygenation, showed 
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DCE, 23 °C, 15 min 


HFIP, 0 °C, 1 min 


(66% yield, 2 steps) 


fe) 
‘OH (>99% ee) 


1) Li(EtO), AIH, (15 equiv) 
THF, 0 °C, 45 min, then 
AcOH, KCN, 50% yield 

2) DDQ (4 equiv), acetone, HO 
23°C, 1h 


33% yield 


1) aq. CH,O (1.85 equiv) 
NaBH(OAc), (5 equiv) 


2) NCSac (2.1 equiv) 


Pd G3 Dimer (50 mol %) 
AdBippyPhos (200 mol %) 


CsOH-H,0 (10 equiv) 
dioxane, 90 °C, 3h 


(46% yield) 


Ac,0 (3 equiv) 
DMAP (3 equiv), MeCN 


then, aq. AgNO, (25 equiv) 
45 °C, 30 min 


32% yield — Jorunnamycin A (15 steps) (68% yield) 


Jorumycin (16 steps) 


Fig. 4. Completion of jorunnamycin A and jorumycin. After the 
reductive cyclization, five and six steps, including a palladium-catalyzed 
hydroxylation event, were required for the complete synthesis of 
jorunnamycin A (3) and jorumycin (1), respectively. Ad, l-adamantyl; 


DCE, 1,2-dichloroethane; DDQ, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone; 
DMAP, 4-dimethylaminopyridine; HFIP, 1,1,1,3,3,3-hexafluoroisopropanol; 
NCSac, N-chlorosaccharine; Pd G3 Dimer, (2'-Amino-1,1'-biphenyl-2-yl) 
methanesulfonatopalladium(ll) dimer; THF, tetrahydrofuran. 


Selective, partial oxygenation allows basic SAR development 


Compound Mean ICs, (nM) Description 


31: X=Y=H — both rings partially deoxygenated 
32: X = OH, Y=H > E-ring partially deoxygenated 
33: X =H, Y= OH ~ A-ring partially deoxygenated 


31 21000 full deoxygenation 
32 708 partial (E-ring) deoxygenation 
33 233 partial (A-ring) deoxygenation 
34 397 full oxygenation 
Carfilzomib 4 Proteosome inhibitor 
Cisplatin 202 DNA binder 
MK8745 360 Aurora kinase inhibitor 
MMAE 438 tubulin binder 


34: X=Y=OH > both rings fully oxygenated 


* Cytotoxicity diminished upon E-ring deoxygenation - 


Fig. 5. Biological evaluation of nonnatural analogs. Leveraging 

the nonbiomimetic approach to A- and E-ring construction 

allows for the production of previously inaccessible bis-THIQ 

analogs. Data reported are ICs59s measured from whole cells treated 
for 6 days using a 1:5 dilution series to cover a range of concentrations 


+ Cytotoxicity maintained upon A-ring deoxygenation - 
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from O to 1 uM from an initial 10 mM dimethyl! sulfoxide stock 
solution of the analog in question. The ICs55 of each compound 
was calculated as a function of population doublings from 
baseline. MMAE, monomethyl auristatin E; SAR, structure- 
activity relationship. 


diminished activity, we were surprised to find 
that compound 33 featuring only E-ring oxy- 
genation maintained a similar activity profile 
to fully oxygenated 34 (see supplementary 
materials). At the moment, we believe these 
data to be the result of general cytotoxicity, 
as opposed to cancer cell-specific activity. 
As a reference, three out of four previously 
known anticancer agents that function through 
general cytotoxicity showed similar levels 
of activity in our model. Though more so- 
phisticated studies are necessary to deter- 
mine actual efficacy, the capacity to delete 
one oxygen atom and retain activity is both 
intriguing and unexpected. 
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The use of catalysis, rather than native re- 
activity, is a key advantage to our synthesis, 
allowing us to expedite access to both the nat- 
ural products themselves and also biologically 
relevant derivatives. 
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An amygdalar neural ensemble that 
encodes the unpleasantness of pain 


Gregory Corder’”*****+, Biafra Ahanonu”’®’”*, Benjamin F. Grewe”’’+, Dong Wang’, 
Mark J. Schnitzer”’®”°§, Grégory Scherrer?”’**°§ 


Pain is an unpleasant experience. How the brain’s affective neural circuits attribute 
this aversive quality to nociceptive information remains unknown. By means of 
time-lapse in vivo calcium imaging and neural activity manipulation in freely behaving 
mice encountering noxious stimuli, we identified a distinct neural ensemble in the 
basolateral amygdala that encodes the negative affective valence of pain. Silencing this 
nociceptive ensemble alleviated pain affective-motivational behaviors without altering 
the detection of noxious stimuli, withdrawal reflexes, anxiety, or reward. Following 
peripheral nerve injury, innocuous stimuli activated this nociceptive ensemble to drive 
dysfunctional perceptual changes associated with neuropathic pain, including pain 
aversion to light touch (allodynia). These results identify the amygdalar representations 
of noxious stimuli that are functionally required for the negative affective qualities of 


acute and chronic pain perception. 


ain is both a sensory and affective ex- 
perience (7). The unpleasant percept that 
dominates the affective dimension of pain 
is coupled with the motivational drive to 
engage protective behaviors that limit ex- 
posure to noxious stimuli (2). Although previous 
work has uncovered detailed mechanisms under- 
lying the sensory detection of noxious stimuli 
and spinal processing of nociceptive information 
(3), how brain circuits transform emotionally 
inert information ascending from the spinal cord 
into an affective pain percept remains unclear 
(4). Attaining a better understanding of the 
mechanisms underlying pain affect is impor- 
tant, because it could lead to novel therapeutic 
strategies to limit the suffering of chronic pain 
patients. 
The amygdala critically contributes to the 
emotional and autonomic responses associated 
with valence coding of neural information, such 
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as responses during fear or pain (5). Damage to 
the basolateral amygdala (BLA) can induce a rare 
phenomenon in which noxious stimuli remain 
detected and discriminated but are devoid of 
perceived unpleasantness and do not motivate 
avoidance (6, 7). Conversely, impairment of som- 
atosensory cortex function reduces the ability to 
both localize noxious stimuli and describe their 
intensity, without altering aversion or avoidance 
(8, 9). Thus, BLA affective neural circuits might 
link nociceptive inputs to aversive perceptions 
and behavior selection. 

Patients with chronic pain often suffer allodynia, 
a pathological state in which an intense unpleasant 
percept arises in response to innocuous stimuli 
such as light touch (J0). Notably, the BLA displays 
heightened activity during chronic pain (77), and 
longitudinal functional magnetic resonance imag- 
ing studies in humans and rodents show that 
neural hyperactivity and altered functional con- 
nectivity in the amygdala parallel the onset of 
chronic pain, suggesting that the BLA might 
play a critical role in shaping pathological pain 
perceptions (12-14). However, it remains unclear 
how the BLA influences the unpleasant aspects 
of innate acute and chronic pain perceptions 
(15), while the role of nociceptive circuits in the 
central amygdala are better understood (J6, 17). 
Previous studies attempting to define pain affect 
mechanisms recorded the acute nociceptive re- 
sponses of single amygdalar neurons in anesthe- 
tized animals (11, 18). However, recent work has 
shown that the BLA encodes information via the 
coordinated dynamics of neurons within large 
ensembles (19); it is therefore important to resolve 
how the BLA processes pain affect at the neural 
ensemble level in awake, freely behaving animals. 

We first performed fluorescence in situ hy- 
bridization studies and used the immediate- 
early gene marker of neural activity, c-Fos, to 
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determine that c-Fos* neurons activated by 
nociceptive stimuli comprised a population of 
mid-anterior BLA Camk2a* principal neurons 
(fig. S1). To identify how the BLA encodes 
nociceptive information, we used a head-mounted 
miniature microscope to track the somatic Ca?* 
dynamics of individual BLA Camk2a* principal 
neurons in freely behaving mice presented with 
diverse noxious and innocuous stimuli (Fig. 1, 
A to D, and figs. S2 and S3) (20). We monitored 
pain-related behaviors by measuring each ani- 
mal’s locomotor acceleration, which allowed us 
to track both reflexive withdrawal and affective- 
motivational behaviors that include attendance 
to the stimulated tissue and escape (Fig. 1, A 
and E, and fig. S4). 

Noxious heat, cold, and pin prick stimuli 
elicited significant Ca?* responses in 15 + 2% 
(SEM), 13 + 2%, and 13 + 2% of active BLA neu- 
rons, respectively [3397 neurons (117 + 8 neurons 
per session)] (Fig. 1, F to H, and table S1). 
Innocuous light touch induced Ca?* activity 
in a smaller subset of neurons (7 + 1%) (Fig. 1, 
F and I, and fig. SSE). Alignment of all stimulus- 
evoked ensemble responses to the noxious heat 
trials revealed an overlapping population of prin- 
cipal neurons that encoded nociceptive informa- 
tion across pain modalities (i.e., noxious heat, 
cold, pin), which we refer to here as the BLA no- 
ciceptive ensemble (24 + 2% of active BLA neu- 
rons) (Fig. 1, F to I). 

This ensemble was composed of multimodal 
responsive neurons, as well as a unique popula- 
tion that appeared to encode nociception selec- 
tively and no other sensory information (6 + 1% 
of all imaged neurons) (Fig. 1K and fig. S5G). Pain 
behavioral responses evoked by noxious stimuli 
closely mirrored the activity of this nociceptive 
neural ensemble (Fig. 1, E and G, and fig. S4, D 
and E). The nociceptive ensemble contained a 
subset of neurons that maintained their noxious 
stimulus response properties for more than a 
week (11% of 3223 cross-day-aligned neurons) 
(fig. S6). Increasingly salient stimuli, from light 
touch (18 + 3% of the nociceptive ensemble) to 
mild touch (31 + 4%), activated larger subsets of 
the nociceptive ensemble (Fig. 1, G and I, fig. S5, 
D and E, and table S1) and induced heightened 
behavior (Fig. 1E and fig. $4). Expectation of 
stimulus contact (“approach/no contact” trials) 
also evoked sparse BLA activity (7 + 2% of the 
total population) (fig. S5, A to E, and table S1). 
BLA activity did not correlate with exploratory 
locomotion (fig. $7, A to E) (27). 

To determine whether the BLA nociceptive 
ensemble broadly encodes stimulus valence 
(22, 23), we presented mice with an appetitive 
stimulus (10% sucrose). Sucrose consumption 
was encoded by a distinct ensemble (18 + 3% 
of all neurons) that only overlapped with a sub- 
set of neurons in the nociceptive ensemble (7% 
of total neurons) (Fig. 1J and fig. SSE) (79). Sim- 
ilar to conditioned responsive valence networks 
(23), neurons encoding unconditioned nocicep- 
tive and appetitive information were spatially 
intermingled (fig. S5, F, H, and I). Consistent 
with these results, nociceptive c-Fos* neurons 
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expressed the negative valence marker gene 
Rspo2 but not the positive valence marker gene 
Ppprib (24) (fig. S1, D and E). 

We next determined if the nociceptive en- 
semble was engaged during aversive experi- 
ences other than pain by presenting a panel of 
sensory, but nonsomatosensory or nonnatu- 
ralistic, aversive stimuli, including repulsive 
odor, bitter taste, loud tone, facial air puff, and 


electric shock. We found that while there was 
overlap between the neural ensembles that en- 
code nociceptive, aversive, and electric shock 
stimuli (~10% of all imaged neurons), there re- 
mained a subset of BLA neurons (~6% of im- 
aged neurons) that responded only to naturalistic 
nociceptive stimuli (Fig. 1K and fig. S8). 

By analyzing the neural ensemble dynamics 
with pattern classification methods, we were 


able to classify and distinguish with high accu- 
racy noxious stimuli from other aversive stimuli 
(fig. SSE), supporting the finding that noxious 
stimuli induce a distinct mode of BLA activa- 
tion (supplementary text S1). Moreover, sensory 
stimuli of different valences, intensities, and 
modalities are represented by unique activity 
codes. Noxious stimuli were encoded distinct- 
ly from one another and could be distinguished 
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Fig. 1. A distinct nociceptive neural ensemble in the BLA represents 
diverse painful stimuli. (A) BLA neural activity was imaged in freely 
behaving mice with a microendoscope and the virally expressed 
fluorescent Ca** indicator GCaMP6m. Noxious mechanical (pin prick) 
and thermal (55°C H20 and 5°C H20 or acetone) stimuli were delivered 
to the left hindpaw, while reflexive and affective-motivational behavior 
were monitored via a scope-mounted accelerometer. (B) Microendo- 
scope placement and GCaMP6m expression in the right, contralateral 
BLA. The red line marks the focal plane and is also a 1.0-mm scale bar. 
(C and D) Map of active BLA neurons (n = 131 neurons) with numbers 
in (C) matching independent component analysis—derived neuron 
activity traces in (D). Scale bar, 100 um. (E) Spearman's correlation 
between reflexive withdrawal and affective-motivational escape accel- 
eration. (F) Mean Ca2* response (Z-scored AF/F per trial) across all 
trials for all BLA neurons imaged during a single session (n = 215 
neurons) from the same animal. Neurons are aligned from high to 

low Ca** responses in the noxious heat trials. Individual neuron 
identifications between different stimuli are consistent across the trial 
rows. (G) Stimulus-locked mean Ca?* activity within the nociceptive 
ensemble (cyan) and mean affective-motivational escape acceleration 
(red). Shaded region, SEM. Pie charts indicate the percentages of 
significantly responding neurons. (H) Venn diagram of neural popula- 
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tions encoding nociceptive information in response to noxious heat, 
cold, and pin stimuli. Numbers show means + SEM of percentages of 
significantly responding neurons across imaging sessions (see fig. S5E). 
(I) Neural populations within the nociceptive ensemble that encode 
innocuous light touch (0.07-g filament) and mild touch (a 1.4- or 2.0-g 
filament). (J) Divergent neural populations (versus the nociceptive 
ensemble) encoding appetitive stimuli (10% sucrose consumption). 
(K) Overlapping BLA populations between the nociceptive ensemble, 
electric footshock, and aversive stimuli (isopentylamine odor, facial air 
puff, 85-dB noise, and quinine consumption). A subset of nociceptive 
ensemble neurons were pain specific (~6% of the BLA neurons). 

(L) Accuracies of a nine-way Naive Bayes decoder that distinguishes the 
ensemble activities for noxious, innocuous, aversive, anticipatory, and 
appetitive stimuli. The percentage of decoder accuracy to output for the 
actual stimuli (diagonal) was compared to that for the incorrect stimuli (off 
the diagonal) and normalized so that each actual stimuli column added up 
to 100%. Stars on the diagonal indicate the correct prediction of said 
stimulus was significantly greater than all off-diagonal stimuli within the 
same column (Wilcoxon sign-rank, Benjamini-Hochberg corrected). 

(M) Spearman's correlation (p) between per trial pain behavioral responses 
and nociceptive ensemble activation. Error bars, {SEM per session animal 
responses; n = 9 mice, 3 to 4 sessions each. 
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with even higher fidelity from innocuous, non- 
nociceptive aversive, and appetitive stimuli (Fig. 
1L and fig. S9, A and B), indicating that there is 
a core set of BLA neurons that encodes nocicep- 
tive stimuli via specific dynamic neural codes. 
One crucial finding was that greater activation of 
this BLA nociceptive ensemble was predictive 
of increased pain behaviors, suggesting that 
BLA nociceptive processing influences the mag- 
nitude of pain behaviors (Fig. 1M and fig. S7, H 
and I). 

To test the causal role of the BLA nociceptive 
ensemble for pain behaviors, we expressed a 
Cre-dependent inhibitory DREADD neuromo- 
dulator (hM4-mCherry) in mutant TRAP mice 
(FosER™) by applying noxious pin pricks that 
induced activity-dependent, spatially, and tem- 
porally controlled DNA recombination and hM4- 


mcCherry expression (noci-TRAP™* mice) (Fig. 2, 
A to C, and fig. S10) (25, 26). Since the BLA 
encodes multiple modalities of nociceptive stim- 
uli within a core ensemble (Fig. 1H), we hypo- 
thesized that silencing the neurons activated by 
noxious pin prick would alter behavioral responses 
to all types of noxious stimuli. Indeed, the hM4 
agonist clozapine-N-oxide (CNO; 10 mg/kg) sig- 
nificantly reduced both attending and escape 
behaviors, but not stimulus detection and with- 
drawal, for both mechanical and thermal noxious 
stimuli (Fig. 2, D to G, and fig. S11, A and B). CNO 
alone had no effect on pain behaviors in control 
mice (fig. S11C) (27). To test operant pain behavior, 
we next allowed noci-TRAP™* mice to explore a 
thermal gradient track in which the polar ends 
were set at noxious cold (5 to 17°C) and hot (42 to 
48°C) temperatures (Fig. 2H). The noci-TRAP™* 


mice injected with control saline rapidly acquired 
an adaptive avoidance strategy of the noxious 
zones. In contrast, noci-TRAP"™* mice treated 
with CNO visited the noxious zones more fre- 
quently and for prolonged periods (Fig. 2, H to 
J, and fig. S12). Similarly, inhibition of the BLA 
nociceptive ensemble eliminated pain affective- 
motivational behaviors induced by the optogenetic 
activation of peripheral primary afferent nocicep- 
tors (fig. S13). 

Whether pain and anxiety rely on common or 
distinct BLA ensembles is unknown; therefore, 
we placed noci-TRAP™* mice within an elevated 
plus maze, in which anxiety drives avoidance 
of the open arms (Fig. 2K). The noci-TRAP™™* 
mice given either saline or CNO displayed equiv- 
alent visits to and occupancy of the open arms 
(fig. S14, A and B). Since nociceptive and 
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Fig. 2. The BLA nociceptive ensemble is necessary for generating 
protective and avoidance behavioral responses to painful stimuli. 

A) Experimental strategy for inhibiting BLA nociceptive ensemble activity. 
Nociception-mediated targeted recombination in activity neural populations 
noci-TRAP) of the inhibitory DREADD(hM4) receptor. CNO, clozapine 
N-oxide; 4-OHT, 4-hydroxytamoxifen. (B) noci-TRAP™* expression in the BLA 
nociceptive ensemble. CeA, central amygdala; ITC, intercalated neurons; Pir, 
piriform cortex. Scale bar, 50 um. (C) Quantification of BLA noci-TRAP®YFP 
neurons following either no stimulus, innocuous touch (0.07-g filament), or 
noxious pin prick stimulation; n = 6 mice/group. (D and E) Effect of inhibiting 
the BLA nociceptive ensemble against reflexive behaviors, demonstrated 

by a von Frey mechanical threshold assay (D) and reflexive withdrawal 
frequency to increasing noxious mechanical stimuli (E). n = 14 mice per 
group. (F and G) Effect of inhibiting the BLA nociceptive ensemble against 
pain affective-motivational behaviors in response to increasingly noxious 
mechanical (F) and thermal stimuli (G). n = 14 mice per group. (H) Effect 
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of inhibiting the BLA nociceptive ensemble on adaptive avoidance behavior 
to noxious thermal environments. The kymograph displays mouse location on 
a thermal gradient track over a 60-min trial following administration of 
saline (n = 6 mice) or CNO (n = 7 mice). Noxious temperature zones were 
areas at <17°C and >42°C. (1) Total number of visit entries (gray and light blue 
lines) and the occupancy time (black and dark blue lines) in the track's 

25 thermal zones. (J) Temporal cumulative visits and the mean occupancy 
time per visit (inset) to the noxious hot and cold zones. (K) Occupancy time 
within the open arms of an elevated plus maze (EPM). (L) The 10% 
sucrose spout lick rates and preference over a water choice. Overlaid dots 
and lines represent individual animals. Error bars, + SEM. For (C) and (E) 

to (G) (CNO group baseline time points only), one-way analysis of variance 
(ANOVA; Friedman's) plus Dunn's correction. For (D) to (G) and (I), 
two-way repeated measures ANOVA with Bonferroni correction. For (J) 

and (K), data on left analyzed with Kolmogorov-Smirnov test; data on right 
analyzed with Student's t test. Star, P < 0.05. 
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sucrose reward-related information were en- 
coded in divergent networks (Fig. 1J), we tested 
the contribution of the nociceptive ensemble 
to appetitive motivational drive during sucrose 
preference training. CNO enhanced sucrose re- 
ward in sucrose-naive conditions (28) but had 
no retarding effects on preference development 
or on lick rates, relative to controls (Fig. 2L and 
fig. S14C). Thus, this BLA nociceptive ensemble 
transforms emotionally inert nociceptive infor- 
mation into an affective signal that is necessary 
for the selection and learning of motivational 
protective pain behaviors. 

We next investigated the contribution of 
BLA neural ensemble activity to chronic pain. 


A hallmark of chronic neuropathic pain is the 
appearance of allodynia and hyperalgesia, both 
pathological perceptual states in which aver- 
sion is ascribed to innocuous somatosensory 
stimuli and exacerbated in response to noxious 
stimuli, respectively (Fig. 3A) (29). We hypo- 
thesized that this pathological perceptual switch 
might result from maladaptive transformations 
in BLA coding. We tracked the longitudinal dy- 
namics of BLA ensembles before and after the 
development of neuropathic pain induced by 
sciatic nerve injury (17,396 neurons, n = 17 mice) 
(Fig. 3). Throughout the development of chronic 
neuropathic pain, a subset of neurons stably en- 


coded the nociceptive ensemble for both noxious 


A Development of chronic pain Allodyni H wedi @ Normal 
lodynia lyperalgesia © Neuropathic 
B Uninjured 100: 
| g 
& 
~ 575 
3 s 
2 a 
a - g 
= Uninjured & 50 
& Neuropathic 2 
ae _ fom 3 25 
Stimulus intensity —> 2s = 
_ SF pe i 
Nerve injury | | 0 
Normal Neuropathic or Uninjured Nox. pin Light touch 
eI 
Lit kt. 
Days -7 -5 -3 -1 0 3 7 14 21 28 35 42 E 
G Normal 
D Normal: Day -7 Neuropathic: Day 42 @ Neuropathic 
@Nox. cold pb pin QLight touch Q@Light touch @ Uninjured 
1 7 


Neuron # 
Neuron # 


157 156 
3.0 3 
Time relative to stimulus (s) 


Fig. 3. Convergence of BLA neural ensemble representations of 
innocuous and noxious information during chronic pain. (A) Long- 
term tracking of BLA neural activity with microendoscopes throughout 
the development of chronic neuropathic pain. Peripheral nerve injury 
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mechanical and cold stimuli (fig. S6). Nerve 
injury did not significantly increase the spon- 
taneous activity of the nociceptive ensemble 
and overall BLA population (fig. S15, A and B). 
However, BLA neural activity elicited in re- 
sponse to light touch displayed a significant 
expansion within the nociceptive ensemble 
in neuropathic (291 + 88% increase) but not 
in uninjured mice (38 + 14% decrease) (Fig. 3, 
D to G, and fig. S15, C to E). The emergence of 
this neuropathic coding schema was accom- 
panied by the development of reflexive paw 
withdrawal hypersensitivity and by enhanced 
affective-motivational pain behaviors (Fig. 3, B 
and C, and fig. S4, C to F). The magnitudes of 
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. Neuron identifications were consistent between stimuli within a 
day, but not across days (n = 157 and 156 neurons, for days —7 and 

42, respectively). (E) Mean Ca?* 
for neuropathic (top row; n = 13 mice, 12,026 total neurons imaged) 


response within the nociceptive ensemble 


results in an increased sensitivity and perceived aversion to innocuous 
(allodynia) and noxious (hyperalgesia) stimuli. (B) Affective-motivational 
escape acceleration for neuropathic (top row; n = 5 mice) and uninjured 
(bottom row; n = 4 mice) animals in response to noxious pin or light touch 
stimuli before and after nerve injury. Dark lines, means; shaded regions, 
+SEM. (C) Hyperalgesic and allodynic behavioral responses in neuropathic 
(n = 13 mice for paw withdrawal, n = 5 mice for escape acceleration) or 
uninjured (n = 4 mice for both measures) animals after application of light 
touch (0.07-g filament), noxious pin, or noxious cold (acetone or 5°C 

H20 drop) stimuli, respectively. Data were quantified by reflexive hyper- 
sensitivity (left axis) and affective-motivational escape acceleration 

(right axis). (D) Mean Ca?" activity (Z-scored AF/F per trial) of all neurons 
from the same animal for that imaging session, before and after nerve 
injury, in response to noxious pin prick, noxious cold, and light touch 


Corder et al., Science 363, 276-281 (2019) 18 January 2019 


and uninjured (bottom row; n = 4 mice, 5370 total neurons imaged) 
animals in response to noxious pin or light touch stimuli. (F) Venn 
diagrams of percentages of significantly responding neurons to noxious 
pin, noxious cold, and light touch before and after nerve injury. 

(G) Overlapping neural populations responsive to light touch within the 
nociceptive ensemble (pin prick and 5°C water or acetone responsive 
neurons) after nerve injury (n = 13 mice) or in uninjured animals 

(n = 4 mice). Numbers indicate means + SEM. (H) Percentages of 
nociceptive ensemble activated and escape acceleration per imaging 
session (light-colored points) and across animal groups and conditions 
(dark, larger points) show significant correlations [Spearman's p = 0.54 
(normal), 0.33 (Neuropathic), and 0.58 (Uninjured) groups]. All tests 
results in the figure were analyzed via Wilcoxon rank-sum with Benjamini- 
Hochberg correction unless otherwise noted. Stars, P < 0.01. 
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Fig. 4. Inhibition of neuropathic BLA ensemble activity reduces the 
aversive quality of chronic pain. (A) Utilization of light touch to gain 
genetic access to, and manipulate, the neuropathic nociceptive ensemble. 
(B) Quantification of light touch TRAP neurons in the BLA of neuropathic 
mice compared to uninjured mice; n = 7 per group. (C) Behavioral raster 
plots from neuropathic mice showing the effects of inhibiting the BLA 
nociceptive ensemble on reflexive and affective-motivational pain behaviors 
associated with cold allodynia. (D and E) Summary of the effects of ensemble 
inhibition against reflexive (D) and affective-motivational (E) pain behaviors 

in response to noxious pin prick, noxious cold (acetone drop), or formerly 
innocuous touch stimuli (0.07-g filament). Behavior was assessed before and 


42 days after nerve injury and again at 60 min after CNO or saline 
administration on day 42; n = 14 per group. (F and G) Effects of neuropathic 
ensemble inhibition on adaptive avoidance during a cold place aversion assay. 
(F) Group mean exploration paths, color coded for the relative occupancy time, 
following CNO or saline treatments; (G) summary of the effects in response 
to decreasing floor plate temperatures; n = 6 per group. Stars, P < 0.05 for all 
panels. In (G), the black star indicates P < 0.05 versus the uninjured + saline 
group; open star, P < 0.05 versus the neuropathic + saline group. Overlaid dots 
and lines represent individual subjects. Error bars, SEM. For (B), Student's 

t test; (D and E), two-way ANOVA with Bonferroni correction; (G) three-way 
ANOVA with Bonferroni correction. 


the behavioral responses and the BLA nocicep- 
tive ensemble Ca”* activity were significantly 
correlated before and after injury (Fig. 3H and 
fig. SI5F). These results suggest a role for the 
BLA in the emergence of allodynia in chronic 
pain states. 

We next asked if we could prevent the neu- 
ral transformation of light touch sensory infor- 
mation into an aversive signal and eliminate 
chronic pain unpleasantness by gaining genetic 
access to the nociceptive ensemble with innocuous 
stimuli in neuropathic TRAP mice. At 21 days 
post-nerve injury, when allodynia had fully de- 
veloped (fig. S16, B to E), we delivered a light 
touch TRAP protocol to express hM4-mCherry 
in the BLA nociceptive ensemble (neuropathic 
TRAP™* mice) (Fig. 4, A and B, and fig. S16). 
At day 42 postinjury, neuropathic TRAP™* mice 
displayed significant allodynia and hyperalgesia, 
for both reflexive and affective-motivational pain 
responses, relative to uninjured mice (Fig. 4, C 
to E). While the injection of CNO in neuropathic 


Corder et al., Science 363, 276-281 (2019) 


TRAP™* mice did not alter reflexive hyper- 
sensitivity (Fig. 4D), we observed a profound 
decrease in neuropathic affective-motivational 
behaviors, regardless of stimulus intensity or 
modality (Fig. 4E and fig. S17, A and B). Un- 
injured TRAP"™* mice given the light touch 
TRAP protocol expressed levels of hM4-mCherry 
in the BLA that were similar to those of non- 
stimulated control mice (Fig. 4B and fig. 2C), 
presumably because the nociceptive ensemble 
does not strongly encode innocuous information 
under normal conditions (Fig. 11). We observed 
neither CNO-mediated changes in affective- 
motivational pain behaviors in these uninjured 
mice nor CNO effects on neuropathic reflexive or 
affective-motivational behaviors in the absence 
of hM4: expression (Fig. 4, C to E, and fig. S17, A 
and B). In addition to tactile allodynia, patients 
with neuropathic pain often report intense pain 
in response to cold temperatures (cold allodynia). 
We therefore ran neuropathic TRAP™* mice 
through a two-chamber thermal escape-avoidance 
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assay in which the floor of one chamber was 
cooled (from 30° to 10°C) (Fig. 4F). Uninjured 
TRAP™* mice avoided the cold chamber, while 
mice with nerve injury showed enhanced avoid- 
ance, consistent with allodynia (Fig. 4, F and G). 
Notably, CNO administration to neuropathic 
TRAP™* mice generated a near-total indiffer- 
ence between cold and neutral temperature 
chambers (Fig. 4, F and G). Together, these 
results indicate that the BLA nociceptive en- 
semble is also necessary for the pain aversion 
associated with allodynia and hyperalgesia dur- 
ing chronic pain states. 

Thus, disrupting neural activity in a nocicep- 
tive ensemble in the BLA is sufficient to reduce 
the affective dimension of pain experiences, 
without altering their sensory component. The 
unconditioned nociceptive ensemble described 
here is a stable network of amygdalar principal 
neurons that is responsive to a diverse array of 
noxious stimuli. Within this ensemble, combina- 
torial neural ensemble codes distinguish the 
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various thermal and mechanical nociceptive 
stimuli. These codes likely represent stimulus 
modality, intensity, salience, and valence to 
provide additional qualitative information that 
enriches individual pain affect percepts (30). The 
presence of a purely nociceptive-specific sub- 
population of neurons within the larger BLA 
nociceptive ensemble, distinct from general 
aversion-encoding populations, suggests the 
capacity for computing and assigning an ac- 
companying “pain tag” to valence informa- 
tion. This categorical signal could prioritize 
the negative valence of intense noxious stim- 
uli and scale the selection of conative pain 
protective behaviors. It is thought that hier- 
archical pathways transform low-level sensory 
inputs into higher-order affective responses 
(5, 32). Our chemogenetic manipulations suggest 
that this critical node in the nociceptive brain 
circuitry plays a critical role in shaping pain 
experiences, by providing an evaluation of no- 
ciceptive information that, in turn, intrinsically 
motivates protective behaviors associated with 
pain (32). 

The phenomenological description of a pain 
experience is normally that of a complex but 
unified sensory and emotional perception that 
can neither exist alone as an unanchored aver- 
sive state nor stand merely on its emotionally 
inert sensory qualities (33, 34). Though activity 
within the BLA nociceptive ensemble cannot 
account for the instantiation of the entire pain 
experience, we propose that the BLA nociceptive 
ensemble transmits abstracted valence informa- 
tion to the central amygdala, striatal, and cortical 
networks (35-37). For example, BLA neurons 
projecting to the CeA may send a “pain tag” that 
helps select for appropriate defensive responses 
to impending or immediate threats (23) (supple- 
mentary text S2). In parallel, connected cortical 
regions might coalesce BLA affective signals with 
sensory-discriminative information to process 
them against prior experiences and internal states 
for further evaluation at cognitive levels, all of 
which contribute to the construction of a pain 
experience (4, 38). 

During chronic pain states, BLA ensemble 
coding of innocuous somatosensory informa- 
tion changes to engage the nociceptive ensemble, 
leading to perceived aversion and protective 
behavioral responses when encountering nor- 
mally nonpainful stimuli, such as light touch. 
Whether this change in ensemble activity re- 
sults from peripheral or central sensitization 
(3, 39), amygdalar input, or intra-amygdala 
plasticity (1) remains an open question. Chronic 
pain is not simply a sensory disorder but a neu- 
rological disease with affective dysfunction that 
profoundly impacts the mental state of millions 
of pain patients (40). Clinical management of 
chronic pain remains a staggering challenge, 
given the heterogeneity of underlying causes, 
and the overreliance on opioid analgesics has 
contributed to the opioid epidemic (41, 42). Com- 
prehensive strategies that provide substantive 
relief across pain types are urgently needed (43). 
To make progress along this translational path, 
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we have identified in the BLA a critical neural 
ensemble target that mediates chronic pain un- 
pleasantness. This finding may enable the develop- 
ment of chronic pain therapies that could 
selectively diminish pain unpleasantness, regard- 
less of etiology, without influencing reward, and 
importantly, preserving reflexes and sensory- 
discriminative processes necessary for the detec- 
tion and localization of noxious stimuli (44, 45). 
Collectively, our findings begin to refine the 
neural basis and coding principles underlying 
the multiple dimensions and complexity of the 
pain experience for developing more effective 
analgesic therapies. 
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Agriculturally dominated landscapes 
reduce bee phylogenetic diversity and 


pollination services 


Heather Grab’, Michael G. Branstetter?, Nolan Amon’, Katherine R. Urban-Mead’, 
Mia G. Park*, Jason Gibbs’, Eleanor J. Blitzer®, Katja Poveda’, 
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Land-use change threatens global biodiversity and may reshape the tree of life by 
favoring some lineages over others. Whether phylogenetic diversity loss compromises 
ecosystem service delivery remains unknown. We address this knowledge gap using 
extensive genomic, community, and crop datasets to examine relationships among land 
use, pollinator phylogenetic structure, and crop production. Pollinator communities 

in highly agricultural landscapes contain 230 million fewer years of evolutionary history; 
this loss was strongly associated with reduced crop yield and quality. Our study links 
landscape-mediated changes in the phylogenetic structure of natural communities to 
the disruption of ecosystem services. Measuring conservation success by species 
counts alone may fail to protect ecosystem functions and the full diversity of life from 


which they are derived. 


preponderance of evidence supports the 

positive relationship between biodiversity 

and ecosystem functioning (J-3), partic- 

ularly the link between trait diversity and 

ecosystem function (4-6). In communities 
where species have high functional trait overlap, 
often owing to recent shared evolutionary his- 
tory, each individual species contributes less to 
overall community function and potentially less 
to the many ecosystem services derived from 
the functioning of healthy ecosystems (7, 8). 
Alternatively, closely related species may pro- 
vide redundancy that ensures resilience of func- 
tion under variable environmental conditions, 
or they may diverge in their traits through 
strong competition resulting in high function 
even among communities consisting of closely 
related species. Currently, it is unclear whether 
losses of more closely or distantly related spe- 
cies will have a greater affect on the mag- 
nitude of ecosystem functions. Phylogenetic 
diversity is a measure of the evolutionary his- 
tory represented within a community. It not 
only captures similarities in traits that mediate 
responses to the environment (9) but also 
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reflects similarities among taxa in the traits 
that contribute to ecosystem function (J0). 
Understanding the role of nonrandom spe- 
cies loss with respect to phylogeny is essential 
for effectively prioritizing the conservation of 
either functionally important or evolutionarily 
diverse lineages and maintaining ecosystem 
function and associated ecosystem services. 

Land-use change, associated with the tran- 
sition from natural to agricultural lands, is a 
primary driver of biodiversity loss worldwide 
(11), threatening even those organisms that de- 
liver essential ecosystem services to agriculture 
(12, 13). Bees are responsible for pollinating the 
majority of our most valuable and nutritious 
crops (14, 15). Diverse bee communities ensure 
high and stable delivery of pollination services 
(16), but habitat loss and agricultural intensi- 
fication have been implicated in recent bee 
declines (17). The suite of traits exhibited by 
different bee species mediates their ability to 
persist in agricultural landscapes (18). These 
traits may be conserved among closely related 
taxa. Because lineages vary in their response to 
land-use change (78), loss of taxonomic diver- 
sity is not expected to be uniform across the 
phylogeny (9, 19, 20). However, the extent 
and pattern by which landscape simplifica- 
tion prunes the evolutionary history repre- 
sented within pollinator communities remain 
poorly studied. Furthermore, we know little 
about the consequences of lost evolutionary 
history for ecosystem function, including polli- 
nation services. 

To examine interactions among land-use 
change, phylogenetic diversity, and ecosystem 
function, we quantify changes in bee phyloge- 
netic diversity across a landscape gradient. Spe- 
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cifically, we combine a time-calibrated genomic 
phylogeny (Fig. 1 and fig. S1) with extensive 
pollinator community and pollination datasets. 
The pollinator community data are derived from 
sampling in 27 apple orchards over 10 years 
(8700 records of 88 species). Landscape com- 
position in a 750-m radius surrounding each 
orchard varied from a heterogeneous mix of 
forest, urban, old-field, and agricultural land to 
homogeneous landscapes dominated by agri- 
culture (fig. S2). Our analyses focused on two 
unresolved questions: (i) How does land-use 
change influence the phylogenetic structure 
of pollinator communities in agroecosystems? 
(ii) What are the consequences of phylogenetic 
diversity loss on pollination services and crop 
yield? 

We found that species loss due to agricul- 
turally driven land-use change is not random 
across the bee phylogeny. Rather, some branches 
of the bee tree of life are “pruned” more heavily 
than others, resulting in communities that con- 
tain more closely related species in highly agri- 
cultural landscapes compared with those found 
in landscapes with less agricultural cover [Fa4s) = 
10.25, P = 0.002] (Fig. 2A). Although species 
richness was 55% lower in orchards with the 
highest proportion of agriculture in the land- 
scape [Fu4s) = 8.19, P = 0.006] (Fig. 2B), the 
loss of phylogenetic diversity was greater than 
would be expected as a result of changes in 
species richness alone [Fy,4s) = 8.60, P = 0.005] 
(fig. S3). We estimate that pollinator com- 
munities lose 35 million years of evolutionary 
history for every 10% increase in agricultural 
cover within the landscape [Fq,48) = 13.41, P = 
0.001] (Fig. 2C), which represents a 49% re- 
duction in total evolutionary history compared 
with communities in landscapes with low ag- 
ricultural cover. 

Loss of phylogenetic diversity from pollina- 
tor communities along the land-use gradient 
could occur in two different ways. First, clades 
may be pruned from the full set of species pres- 
ent in landscapes with low agricultural cover. 
Alternatively, agricultural landscapes may favor 
particular clades, whereas other, perhaps more 
diverse, branches of the tree are favored in more 
complex landscapes, as has recently been shown 
(20). The first scenario would generate a pattern 
in which communities along the land-use gra- 
dient exhibit a nested structure, and the second 
scenario would lead to a pattern of strong spe- 
cies turnover, as the clades present in highly 
agricultural landscapes are not those favored 
in more diverse landscapes and vice versa 
(fig. S4). Here, we find that bee communities 
ordered along the agricultural gradient ex- 
hibit greater nestedness (¢ = -105.59, df = 99, 
P < 0.05) (fig. S5) and lower turnover (t = 96.63, 
df = 99, P < 0.05) than would be expected by 
chance, which suggests that land-use changes 
are pruning lineages from the more complete 
communities present in landscapes with low 
agricultural cover. 

Although individual taxa varied in their re- 
sponse to increasing agricultural land cover, 
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closely related species responded more sim- 
ilarly than species pairs selected at random 
(Blomberg’s K = 0.23, P = 0.049) (Fig. 1). The 
clades most resilient to land-use change in- 
cluded Bombus and Lasioglossum (Dialictus), 
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which are among the most commonly collected 
wild bees in North America. Diversification rate 
analysis suggests that L. (Dialictus) has under- 
gone a recent rapid radiation (fig. S6). This 
result indicates that agriculturally dominated 


Andrena vicina 
- Andrena nivalis 
Auene regularis 
na perplexa 
Andrena dunningj 
a Carlinj 
Prunj 


Fig. 1. Time-calibrated phylogeny of the apple bee community. Tip labels indicate species’ 
response (z-score) to increasing agricultural land cover at the 750-m scale for the 44 taxa observed 
more than 10 times across all surveys. Color represents the magnitude of the response (dark red 
indicates strong negative, dark blue indicates strong positive). The root is at 117 million years (Ma) 
with 5 Ma increments to present. Posterior probabilities are 1.0 for all nodes. Communities in 
mixed-use landscapes are likely to contain species from across the entire tree, whereas those in 
agriculturally dominated landscapes will contain species with white or blue tip markers. [Bee images 
(copyright of Joseph Wilson) are used with permission. ] 
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landscapes favor more recent, less evolutionar- 
ily distinct species, a finding paralleled in neo- 
tropical birds (22). Our analyses reveal several 
clades sensitive to land-use change, including 
many Andrena species. The relative sensitivity 
of Andrena to land-use change compared with 
Bombus and L. (Dialictus) may be driven by their 
different life histories. Andrena are solitary 
and have a narrow flight phenology, where- 
as social species and those with longer flight 
phenology [e.g., Bombus and L. (Dialictus)] 
are favored in agricultural rather than more 
natural landscapes (21). Our results, there- 
fore, underscore the utility of methods that 
account for shared evolutionary history for 
understanding how communities are altered 
in response to environmental stressors. 
Clade loss may lead to a reduction in the 
suite of functional traits present in pollinator 
communities when these traits show phyloge- 
netic signal. In this study, we found that closely 
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Fig. 2. Relationship between the percent 
agricultural cover in the surrounding land- 
scape at a 750-m radius and per-transect 
community diversity metrics. In highly agri- 
cultural landscapes, (A) the mean pairwise 
phylogenetic distance separating individuals is 
lower, (B) fewer species are observed per 
transect, and (C) the evolutionary history 
represented by communities is lower. Points are 
semitransparent to aid in visualizing overlap. 
Solid lines indicate a significant relationship 
between variables at P < 0.05, shading repre- 
sents 95% confidence interval. 
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Fig. 3. Land-use change has an indirect impact on pollination 
services and crop production mediated by a reduction in observed 
mean pairwise phylogenetic distances separating individuals 

in a community. Community data include wild and managed bees 
and the following apple variables: the number of seeds per fruit, 

fruit weight, and fruit shape in the varieties Golden Delicious and 
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McIntosh. Curved lines indicate correlated errors among variables. For 
straight lines, solid lines indicate a significant relationship between 
variables and their color indicates direction (black indicates positive, 
red indicates negative). Numbers above lines are the standardized 
coefficients, with asterisks indicating level of significance (*P < 0.05, 
**P = 0.01, ***P.< 0.001). 


related bee species share many behavioral and 
morphological traits including body size, plant 
fidelity, and visitation rate but not flower-handling 
behavior (fig. S7), which may influence their 
effectiveness as crop pollinators. To assess the 
impact of phylogenetic diversity loss on pollina- 
tion services, we quantified seed set, fruit weight, 
and shape (a measure of fruit quality) in two 
apple varieties, Golden Delicious and McIntosh, 
at 12 orchards. We employed a structural equa- 
tion modeling approach to evaluate the impor- 
tance of phylogenetic diversity, species richness, 
and abundance, which allowed us to explicitly 
model the covariation between these predictor 
variables and to evaluate the direct and indirect 
effects of landscape structure on pollination ser- 
vices. Land-use change had an indirect impact 
on pollination services and crop production me- 
diated by a reduction in mean pairwise phylo- 
genetic distances separating individuals in a 
community (Fig. 3 and fig. S8). In both varieties, 
fruit weight and seed set were best predicted by 
the observed pairwise phylogenetic distances se- 
parating individuals in a community as com- 
pared to either abundance or species richness, 
whereas fruit shape was best predicted by both 
phylogenetic diversity and abundance (tables 
S1 to S3). 

Our findings reveal that landscape-mediated 
loss of evolutionary history from bee communi- 
ties has consequences for current ecosystem 
functioning and the delivery of ecosystem ser- 
vices to agriculture (Fig. 3). Specifically, we show 
that loss of phylogenetic diversity from pollina- 
tor communities has a negative effect on polli- 
nation services. In light of ongoing land-use 
change worldwide (23), our results have clear 
implications for the functional and evolution- 
ary potential of bee communities to respond to 
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future challenges. Conservation practices that 
measure their success only by the number of 
species conserved may fail to protect the full 
diversity of life impacted by these stressors (24). 
Greater understanding of how shared evolution- 
ary history shapes responses to environmental 
stressors is essential for assessing the potential 
mechanisms driving biodiversity declines in agri- 
cultural landscapes and their effects on ecosys- 
tem functions and services. 
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Flagellar microtubule doublet 
assembly in vitro reveals a regulatory 
role of tubulin C-terminal tails 


M. Schmidt-Cernohorska™, I. Zhernov”, E. Steib', M. Le Guennec’, R. Achek*, 
S. Borgers’, D. Demurtas”, L. Mouawad*, Z. Lansky”, V. Hamel"{, P. Guichard’+ 


Microtubule doublets (MTDs), consisting of an incomplete B-microtubule at the surface of 
a complete A-microtubule, provide a structural scaffold mediating intraflagellar transport 
and ciliary beating. Despite the fundamental role of MTDs, the molecular mechanism 
governing their formation is unknown. We used a cell-free assay to demonstrate a crucial 
inhibitory role of the carboxyl-terminal (C-terminal) tail of tubulin in MTD assembly. 
Removal of the C-terminal tail of an assembled A-microtubule allowed for the nucleation of 
a B-microtubule on its surface. C-terminal tails of only one A-microtubule protofilament 
inhibited this side-to-surface tubulin interaction, which would be overcome in vivo with 
binding protein partners. The dynamics of B-microtubule nucleation and its distinctive 
isotropic elongation was elucidated by using live imaging. Thus, inherent interaction 
properties of tubulin provide a structural basis driving flagellar MTD assembly. 


he cilium is an organelle crucial for mo- 
tility, as well as for sensing environmen- 
tal cues such as signaling molecules, light, 
and mechanical stimuli (1). The core 


in human centrosomes (10). However, the molec- 
ular mechanism enabling B-microtubule nucle- 
ation at the surface of the A-microtubule is 
unclear. C-terminal tails of tubulin may play 


structure of the cilium is characterized 
by nine microtubule doublets (MTDs) (2). In 
Chlamydomonas, MTDs form a double-track 
railway for intraflagellar transport trains (3), 
which carry ciliary building blocks along mi- 
crotubules during the assembly and disassembly 
of the cilium (4). These MTDs display distinctive 
structural features and are formed by a com- 
plete A-microtubule composed of 13 protofila- 
ments and an incomplete B-microtubule of 10 
protofilaments, which starts from the outer 
junction (OJ) between protofilaments A1l0 and 
All of the A-microtubule (Fig. 1A and fig. SLA) 
(5-8). Cryo-electron microscopy (cryo-EM) anal- 
ysis of the Tetrahymena ciliary MTD reveals 
that this OJ involves noncanonical, surface-to- 
side tubulin-tubulin contacts (9). It also reveals 
an inner sheath composed of microtubule inner 
proteins (MIPs) inside the MTD. 

MTD assembly occurs at the centriolar level, with 
the B-microtubule nucleating and elongating bi- 
directionally onto the surface of the A-microtubule, 
as assessed by cryo-electron tomography (cryo-ET) 
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a role (11) because their limited proteolytic 
digestion by subtilisin induces the nucleation of 
hooked microtubules and protofilament bundles 


We hypothesized that B-microtubule assembly 
could be mediated solely through tubulin-tubulin 
interactions. We first set out to address whether 
tubulin devoid of the C termini alone could as- 
semble MTDs. We developed an in vitro assay to 
mimic the sequential assembly of MTDs by A- 
microtubule formation followed by B-microtubule 
nucleation. First, stable microtubules (12) were 
assembled (Fig. 1B) and subsequently incubated 
with subtilisin-treated tubulin without C-terminal 
tails (Tub_S) (7, 13) (materials and methods in 
the supplementary materials). This did not result 
in MTD formation (Fig. 1C). We next assessed 
whether the removal of C-terminal tails of the 
A-microtubule would promote MTD formation. 
Microtubules treated with subtilisin (MT_S) 
(13, 14) (fig. SID) looked identical to untreated 
microtubules (Fig. 1, B and D). When we added 
free tubulin to subtilisin-treated microtubules, 
72% of these microtubules formed assemblies 
that resembled MTDs (Fig. 1, E and F), reaching 
a median length of 0.66 + 0.5 um after 15 min 
(fig. SIE). By contrast, only ~7.5% of MTD-like 
structures were observed among microtubules 
treated with subtilisin alone. This possibly reflects 
some depolymerization of the tubulin lacking 
C-terminal tails; this tubulin would reattach at 
the surface of the A-microtubule and nucleate 
efficiently because of having a lower critical 
concentration than untreated tubulin (75) (Fig. 
1F). Thus, C-terminal tails of the A-microtubule 
negatively regulate a noncanonical, surface-to- 
side tubulin interaction, allowing microtubule 
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Fig. 1. MTD assembly in vitro. (A) Schematic of a procentriole with A- and B-microtubules (green) 
and the procentriole cartwheel structure (gray). B-microtubule branching occurs at the OJ, 
highlighting the protofilaments Al0, All, and Bl. The dashed box corresponds to the closer view to 
the right. Black arrows, seam of the A-microtubule and inner junction. (B to E) Representative 
cryo-EM images of microtubules (MT) (B), microtubules supplemented with tubulin pretreated with 
subtilisin (MT+Tub_S) (C), subtilisin-treated microtubules (MT_S) (D), and MT_S incubated with 
tubulin (MTD) (E) with their corresponding schematics. Arrowhead, MTD. Tub, tubulin. Scale bars, 
25 nm. (F) Percentage of MTD formation (three independent experiments): 0% for MT (n = 825 
microtubules), 3 + 2% for MT+Tub_S (n = 729), 8 + 6% for MT_S (n = 1515), and 72 + 8% for MTDs 
(n = 2341). Errors bars represent SD. 
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By using cryo-EM, we next investigated whether 
branching occurs at the tip or on the main body of 
the A-microtubule and found that B-microtubules 
assembled mainly on the body of the A-microtubule 
(fig. S2A), corroborating previous in vivo find- 
ings (10). Cryo-ET of these reconstituted MTDs 
showed structural similarity to the ciliary MTDs 
(Fig. 2, A and B; movie S1; and fig. S2B), with 
23% of multiple MTDs surrounding a single 
A-microtubule (Fig. 2C and fig. S2C). This in- 
dicates that B-microtubule nucleation in vitro 
was not restricted to one protofilament of the 
A-microtubule and that, in vivo, additional pro- 
teins may be needed to provide positional in- 
formation. By using subtomogram averaging to 
improve the resolution of the OJ to 17.2 A (fig. 
$2D), we confirmed the typical triangular junc- 
tion formed among protofilaments A10 and All 
of the A-microtubule and protofilament B1 of 
the B-microtubule in the reconstituted MTDs 
(Fig. 2, D to G, and fig. S2E) (9). Additionally, 
inspecting the curvature of the B-microtubule 
junction from individual MTDs in cryo-ET (fig. 
S3A) revealed a curvature similar to that ob- 
served in in vivo MTDs (Fig. 2F). This suggested 
that the surface-to-side tubulin-tubulin interac- 
tion at the OJ is sufficient to drive the correct 
angle for MTD assembly. We noticed an im- 


portant mobility of the B-microtubule at the 
MTD inner junction, possibly because of the 
lack of MIPs or because of a protein such as 
FAP20, which closes the MTDs in cilia (Figs. 
1A and 2, I to J) (16). 

By using an in silico approach, we explored 
how the C-terminal tails of the A-microtubule 
hinder MTD assembly. In our simulations, the 
A-microtubule was composed of 13 protofila- 
ments of three of-tubulin dimers each, where 
all atoms were taken into account. Because 
tubulin tails are unstructured, they may adopt 
random conformations. To obtain a represent- 
ative sample of these conformations, we used 
molecular dynamics simulations (see materials 
and methods). The first protofilament from the 
B-microtubule, B1, was added to the A-microtubule 
between A10 and All according to the method 
of (9) (fig. S3, B to D). To capitalize on all the 
A-microtubule sampled tails, every two suc- 
cessive protofilaments of the A-microtubule 
(A1-A2, A2-A3, A3-A4, ... A12-A13) were super- 
imposed on A10-A11 of the same microtubule in 
order to obtain a variety of tail positions at the 
OJ (Fig. 2K and fig. S3C). Then, for each of these 
couples of protofilaments, the tails were relaxed 
and their interaction energy with the entire 
protofilament B1 was calculated. For the A10 tails, 


this energy was distributed around 0 kcal/mol, 
indicating that these tails did not play a role in 
the insertion of B1 (Fig. 2M). By contrast, for All 
tails, the interaction energy was highly repul- 
sive in 11% of the cases, with an energy value of 
several thousands of kilocalories per mole, which 
is sufficient to strongly hinder the insertion of B1 
(Fig. 2N). Visual inspection of the constructed 
junctions confirmed that A11 tails did inter- 
penetrate the core of B1, whereas A10 tails did 
not (Fig. 2L). This provides an explanation for 
the results of the in vitro experiments but not 
for the formation of MTDs in vivo despite the 
presence of these tails. Observation of the in 
vivo MTD structure isolated from flagella (9) 
showed the presence of an unidentified MIP 
(MIP7) at the junction between All and BI, at 
the same location as the tails of All in our model. 
This MIP7 has been proposed to stabilize the 
interaction between B1 and A10-A11 (9). We hy- 
pothesized that MIP7 action is not in stabilizing 
the interaction but rather in binding A11 proto- 
filament tubulin tails to enable the B1 insertion. 

Next, we monitored the assembly dynamics 
of MTDs. We immobilized subtilisin-treated 
Alexa 488-labeled A-microtubules on a glass 
slide. Rhodamine-labeled free tubulin was added 
to the reaction mixture to trigger B-microtubule 


Side view 


Fig. 2. Cryo-EM reconstruction of in vitro MTDs. (A) Representative 
image of a cryo-ET section. Scale bar, 25 nm. (B) zx view of a cryo-ET 
section. Scale bar, 25 nm. (C) zx view of a cryo-ET section showing an MTD 
flower. Scale bar, 25 nm. Arrowheads in (A) to (C) indicate B-microtubules. 
(D and F) Subtomogram averaging of in vitro MTDs at 17-A resolution 

(D) and of Tetrahymena ciliary MTDs at 5.7 A (EMD-8528 map from the 
Electron Microscopy Data Bank) (F). Scale bars, 25 nm. (E and G) Closer 
view of the OJ for the in vitro MTD (E) and the OJ of the ciliary MTD (G). 
Arrowheads indicate the triangular shape of the A10, All, and B1 protofila- 
ments. (H) Traces of the B-microtubules starting at the OJ and highlighting 
the curvatures of the B-microtubules in vitro compared with those of 

the in vivo ciliary MTDs (n = 44 microtubules). (I and J) Plot profiles at the 
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positions indicated by the arrows in (H) showing that the curvature of the OJ 
is stable (1) whereas the end of the B-microtubule is more flexible (J). The 
black line indicates the position of the B-microtubule in vivo. A.U., arbitrary 
units. (K) Side and top views of an MTD model with the A-microtubule in 
green and gray (a-tubulin, gray; B-tubulin, green), the tubulin C-terminal tails 
of the A-microtubule in red, and the protofilament B1 in blue and beige 
(a-tubulin, blue; B-tubulin, beige). Atoms are represented as spheres. 

(L) Closer view of the OJ highlighting the interactions of the tubulin 
C-terminal tails of the protofilaments A10 and All with B1. The arrowhead 
indicates the conflict between the C-terminal tails of All and B1. 

(M and N) Plots of the interaction energy between tubulin C-terminal tails of 
Al0 and the protofilament Bl (M) or All and the protofilament B1 (N). 
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assembly (Fig. 3A), and we monitored the re- 
action by using total internal reflection fluores- 
cence (TIRF) microscopy. With either guanosine 
triphosphate or guanosine-5’-[(a,B)-methyleno] 
triphosphate (GMPCPP) in solution, we observed 
the usual elongation of template A-microtubules 
at both tips. However, we observed nucleation 
and elongation of patches of fluorescent rho- 
damine signal on the A-microtubule only in 


the presence of GMPCPP (movies S2 and S3), 
the same condition used in our cryo-EM experi- 
ments. We thus interpreted these patches as 
B-microtubules (Fig. 3B and fig. S4A). This 
result suggests that MTD formation requires 
a certain level of stabilization, mediated in 
our experiments by GMPCPP and in vivo pos- 
sibly by the presence of MIPs. Investigating the 
growth rates of A- and B-microtubule tips showed 
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Fig. 3. Dynamics of MTD assembly. (A) Protocol to visualize MTD assembly by using TIRF 
microscopy. (B) Montage showing MTDs. Subtilisin-treated A-microtubules are in green; 
A-microtubule tips and B-microtubules formed by rhodamine-labeled tubulin are depicted in 
magenta. White arrowheads indicate the tip elongation of the A-microtubule. Yellow arrowheads point 
to the B-microtubule assembling on the surface of the A-microtubule. Scale bar, 1 um. (C) Montage 
showing MTDs and the corresponding multichannel kymograph. Scale bars: horizontal, 5 um; 
vertical, 15 min. (D) Polymerization rate of B-microtubules at 2 uM free tubulin. ns, not significant, 
*P < 0.0001, determined by the Mann-Whitney test. Plus and minus tips of A-microtubules 
polymerize at 53.93 + 11.56 nm/min (n = 25 tips) and 3713 + 13.13 nm/min (n = 22 tips), 
respectively. The polymerization rates of B-microtubules toward plus and minus tips of the 
A-microtubules are 83.51 + 30.44 nm/min (n = 53 tips) and 96.52 + 45.87 nm/min (n = 52 tips) 
[values are averages (represented by red lines) + SD]. (E) Model of MTD formation. In vitro, MTD 
assembly initiates on the surface of an A-microtubule (green) deprived of tubulin C-termini 

red tails) by the addition of a protofilament owing to a noncanonical surface-to-side tubulin 
interaction. Protofilaments in the B-microtubule (purple) continue to assemble to ultimately 
ead to a near-complete MTD. 
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that, unlike the plus and minus tips of the 
A-microtubules, which are known to grow 
at different rates (17), B-microtubules grow 
at the same rate in both directions (Fig. 3, 
C and D, and fig. S4, A to D). The isotropic 
B-microtubule growth rate was faster than the 
growth rate of the plus tip of the A-microtubule 
(Fig. 3D), and this rate correlated with increas- 
ing tubulin concentration (Fig. 3D and fig. S4D). 
Thus, B-microtubules are dynamic structures 
nucleating on the lattice of the A-microtubule 
and elongating in both directions without ap- 
parent anisotropy. To estimate the protofilament 
number in B-microtubules, we compared the 
rhodamine fluorescent signal in the center of 
the B-microtubules with the steady-state rho- 
damine fluorescent signal at the tips of the 
template A-microtubules, which are formed 
by 14 protofilaments because of the presence 
of GMPCPP (18). This quantification suggested 
that after 40 min, B-microtubules were assembled, 
with on average (+SD) 5.7 + 2.6 and 13.8 + 3.8 
protofilaments at the free tubulin concentrations 
of 1 and 2 uM, respectively (fig. S4E and movies 
$2 and S4). Finally, we repeated the experiment 
with A-microtubules treated with decreasing 
subtilisin:tubulin ratios (1:1, 1:50; 1:100, and 
1:1000), leading to predominant B-tubulin 
C-terminal tail removal (fig. S5) (23). We found 
that MTD nucleation decreased markedly (fig. S5 
and movie S5), suggesting that the removal of 
C-terminal tails from both o- and f-tubulin is 
necessary for the MTD nucleation. 

In vivo, MTDs are composed of heterodimers 
of a- and B-tubulin and dozens different MIPs. 
Our work establishes that the C-terminal tail 
of tubulin exhibits an inhibitory effect that, 
in vivo, may prevent uncontrolled MTD forma- 
tion. Molecular simulations suggested that the 
C-terminal tails of one specific protofilament 
hinder the attachment of protofilament B1 at 
the internal side of the OJ. We propose that 
in vivo, specific MIPs bind and displace the 
C-terminal tails of All and allow for the for- 
mation of a B-microtubule that elongates bi- 
directionally (Fig. 3E). Moreover, such proteins 
may be needed to precisely position the MTD 
branching to a specific protofilament on the 
A-microtubule, as well as to stabilize the entire 
MTD. The requirement for such protein is al- 
leviated in our in vitro minimal system by pro- 
viding GMPCPP. 

In summary, our work highlights the crucial 
role of tubulin C-terminal tails in regulating 
MTDs, which are key to the assembly and func- 
tion of centrioles, cilia, and flagella. 
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Strain-specific antibody therapy 
prevents cytomegalovirus 
reactivation after transplantation 
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Antiopi Varelias', Siok-Keen Tey’, Mariapia A. Degli-Esposti®***{+, Geoffrey R. Hill?®7++ 


Cytomegalovirus infection is a frequent and life-threatening complication that significantly 
limits positive transplantation outcomes. We developed preclinical mouse models of 
cytomegalovirus reactivation after transplantation and found that humoral immunity is 
essential for preventing viral recrudescence. Preexisting antiviral antibodies decreased after 
transplant in the presence of graft-versus-host disease and were not replaced, owing to poor 
reconstitution of donor B cells and elimination of recipient plasma cells. Viral reactivation 
was prevented by the transfer of immune serum, without a need to identify and target 
specific antigenic determinants. Notably, serotherapy afforded complete protection, provided 
that the serum was matched to the infecting viral strain. Thus, we define the mechanisms 
for cytomegalovirus reactivation after transplantation and identify a readily translatable 
strategy of exceptional potency, which avoids the constraints of cellular therapies. 


ytomegalovirus (CMV) infection and re- 

activation are associated with significantly 

reduced survival after bone marrow or hem- 

atopoietic stem cell transplantation (BMT) 

(1-3). The development of an effective CMV 
vaccine has proved problematic, and antiviral 
therapies are limited by toxicity and the emer- 
gence of drug-resistant CMV strains (1, 4). Efforts 
to improve the outcome of CMV infection have 
focused primarily on developing improved anti- 
viral drugs (5, 6) or using adoptive T cell immuno- 
therapy to mitigate the impact of infection and 
reduce disease (5, 7). 

The risk factors that contribute to CMV re- 
activation in BMT have been examined in clin- 
ical trials but are associative in nature. A major 
limitation to improving CMV infection outcomes 
in transplant recipients is the paucity of pre- 
clinical animal models that faithfully represent 
the clinical situation in which CMV reactivation 
occurs post-latency. To address this unmet need, 
we developed mouse models of CMV reactivation 
after BMT. As in the clinical setting, we defined 
CMV reactivation functionally. Functional re- 
activation occurs after a period of latency and 
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results in plasma viremia, as well as viral repli- 
cation in target organs. 

We used mice that were latently infected with 
murine CMV (MCMV) (Fig. 1A) as recipients in a 
major histocompatibility complex-disparate BMT 
model to investigate the role of conditioning and 
BMT on viral reactivation. Latently infected mice 
transplanted with T cell-replete grafts [graft- 
versus-host disease (GVHD) group] showed re- 
duced survival compared with those that received 
bone marrow (BM) alone (non-GVHD group) 
(Fig. 1B). Mice that developed GVHD (Fig. 1C) 
demonstrated MCMV reactivation post-transplant 
(Fig. 1D). At 4 weeks post-transplant, reactiva- 
tion occurred in 10 of 16 mice (63%) versus 2 of 
12 mice (17%) in the GVHD and non-GVHD groups, 
respectively (Fig. 1E). Viral loads were detected 
in target organs and were significantly higher 
in recipients with GVHD (Fig. 1F). The lack of 
reactivation in the non-GVHD group suggested 
that conditioning and relative immunosuppres- 
sion, modeled in this study by the absence of 
donor T cells, were insufficient to permit MCMV 
reactivation. 

In clinical settings, the increasing use of rig- 
orously T cell-depleted grafts in haploidentical 
stem cell transplantation has led to the reemer- 
gence of CMV as a major problem (8). This type 
of transplant requires intensive chemoradio- 
therapy combined with the administration of T 
and B cell-depleting antibodies, which results in 
the sustained loss of these lymphocyte popula- 
tions (9). To model this clinical scenario, we used 
a haploidentical transplant system. In this system, 
conditioning and the GVHD response result in 
the loss of host B, T, and natural killer (NK) cells, 
as well as the poor reconstitution of donor B, T, 
and NK cells owing to profound type 1 inflam- 
mation (JO, 11). Post-transplant, in the presence 
of GVHD, latently infected recipients (Fig. 1G) 
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displayed significant viremia (Fig. 1H) and high 
viral loads in target organs (Fig. 11). GVHD se- 
verity and survival during this period were not 
affected by latent infection (fig. S1). Using recip- 
ients latently infected with a recombinant MCMV 
carrying a LacZ reporter, reactivation was first 
detected at 3 weeks post-transplant (Fig. 1J). By 
week 4, replicating virus was present in multiple 
tissues (Fig. 1, K and L), including the lung and 
gut, which are common sites of clinical disease 
in patients. 

During GVHD, immune reconstitution from the 
donor graft is compromised. Alloreactive T cells 
impair thymopoiesis, and peripheral expan- 
sion of T cells is also affected, as alloreactive 
T cells are more prone to apoptosis (12, 13). The 
B cell compartment is generally very slow to re- 
constitute because lymphopoiesis is also im- 
paired (14). Consequently, the pathobiology of 
GVHD, combined with the immunosuppres- 
sion required to treat GVHD, results in delayed 
immune reconstitution and long-term immuno- 
deficiency (0). 

CMV reactivation is thought to be largely con- 
trolled by antiviral CD8* T cell responses, with NK 
cells further contributing to protection (15-19). 
Virus-specific CD8* T cells were examined in a 
BALB/c—B6 transplant using tetramers that rec- 
ognize recipient H-2K” m38- and donor H-2L? 
IEl-restricted responses. Early after BMT, recip- 
ient m38* CD8s* T cells were detected only in 
non-GVHD conditions (Fig. 2A), whereas donor- 
derived IE1* CD8* T cells were not detected in 
either GVHD or non-GVHD groups (Fig. 2B). In 
the B6—B6D2F1 haploidentical transplant model, 
significantly lower numbers of both H-2K” m38 
(recipient and donor) and H-2L° IE1 (recipient) 
CDs* T cells were present in mice with GVHD 
(Fig. 2C). Thus, in the absence of donor T cell- 
mediated alloreactivity, recipient MCMV-specific 
T cells persist, potentially providing adequate 
protection against reactivation. We investigated 
this potential protection by imposing sustained 
immunodepletion to remove residual host and 
donor T and NK cells. TCRS~ grafts were used 
to examine protection conferred by y6 T cells. In 
transplanted mice without GVHD, despite the 
complete absence of T and NK cells (fig. $2), 
MCMV was not detected (Fig. 2D). Thus, in the 
absence of GVHD, T and NK cells (either recipient 
or donor-derived) and donor-derived yé T cells 
are not essential for protection against MCMV 
reactivation. The lack of reactivation in mice 
without GVHD and depleted of all T cell subsets 
also indicates that conditioning and immuno- 
suppressive therapy (the latter modeled here by 
profound immunodepletion) were insufficient to 
permit MCMV reactivation. 

Our data suggest that humoral immunity may 
be sufficient to protect from viral reactivation in 
the absence of GVHD. Latently infected B6.uMt 
(uMt) mice, which lack mature B cells, were 
transplanted with T cell-depleted BM (TCD-BM) 
and depleted of CD4*, CD8*, and NK1.1° cells. 
MCMV reactivation was detected in all uMt re- 
cipients, with high-level viremia in plasma (Fig. 
2E) at day 14 post-transplant and substantial 
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Fig. 1. MCMV reactivation after BMT. (A) B6 (H-2°) mice were infected 
with MCMV-K181°¢". viremia (virus in plasma) measured by quantitative 
polymerase chain reaction at the indicated time points post-infection 
p.i.) is shown (n = 6). (B to F) Latently infected (>90 days p.i.) B6 mice 
were lethally irradiated and transplanted with TCD-BM (non-GVHD) or 
BM + Tcells (GVHD) from naive BALB/c (H-2%) mice. (B) Survival 
outcome (Kaplan-Meier analysis compared by log-rank analysis) and 

C) GVHD clinical scores (median and interquartile range) are shown. 
Data are combined from two experiments with 3 to 6 mice per group per 
experiment (non-GVHD, n = 7; GVHD, n = 11). (D) Viremia over time; 

E) viremia for individual mice at 4 weeks post-transplant (non-GVHD, 
n= 12; GVHD, n = 17); and (F) viral titers in target organs at weeks 4 

to 5 post-transplant (non-GVHD, n = 12; GVHD, n = 13) are shown. PFU, 
plaque-forming units. Data in (D) to (F) are combined from three 
experiments with 3 to 6 mice per group per experiment. (G) Viremia 
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in B6D2F1 mice at the indicated time points p.i. is shown (n = 6). 

(H to L) Latently infected B6D2F1 (H-2°”*) mice were lethally irradiated 
and transplanted with TCD-BM (non-GVHD) or BM + T cells (GVHD) from 
naive B6 (H-2) mice. (H) Viremia (non-GVHD, n = 10; GVHD, n = 9) 
and (I) viral titers in the indicated organs (non-GVHD, n = 9; GVHD, 
n=10) at week 4 post-transplant are shown. Data are combined from two 
experiments with 4 to 6 mice per group per experiment. Kinetics of 
viral reactivation in B6D2F1 mice, assessed by measuring (J) viremia and 
(K) viral loads in target organs after transplant, are shown (n = 7 per 
time point). Data are combined from two experiments with 3 or 4 mice 
per group per experiment. (L) Tissue sections from transplanted B6D2F1 
mice with GVHD. MCMV-infected cells in various organs are identified 
by X-gal staining. Data in (D) to (K) represent mean + SEM. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001 (Mann-Whitney U test). 

A dotted line represents the limit of detection. 


viral loads in target organs (Fig. 2F) at day 16 post- 
transplant. uMt mice lacked MCMV-neutralizing 
antibodies pre-transplant (Fig. 2G). After trans- 
plant, they had low levels of MCMV-specific 
immunoglobulin M (IgM) and lacked MCMV- 
specific immunoglobulin G (IgG) antibodies 
(Fig. 2H). In addition to antibodies, T and NK cells 
may limit CMV reactivation. Indeed, MCMV 
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reactivation occurred only in immunodepleted 
uMt recipients (Fig. 2, I and J), and donor- 
derived humoral responses did not participate 
in protection (Fig. 2, K and L). Thus, humoral 
immunity is sufficient to limit viral reactivation 
after transplantation, with MCMV reactivation 
requiring the combined lack of antibodies, T cells, 
and NK cells. 
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Next, we defined the contribution of humoral 
immunity to CMV reactivation during GVHD. 
Serum from latently infected mice neutralized 
MCMV in vitro and contained high levels of 
MCMV-specific IgG pre-transplant (Fig. 3A). In 
transplanted mice with GVHD, MCMV-specific 
IgG levels were significantly reduced by day 28 
post-transplant (Fig. 3B and fig. S3). MCMV-specific 
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Fig. 2. Humoral immunity is required to 
prevent MCMV reactivation. Latently infected 
B6.CD45.2 mice were transplanted with 
BALB/c.CD45.1 TCD-BM (non-GVHD) or BM + 
T cells (GVHD). On day 14 post-transplant, 
the frequency and number of antiviral CD8* 

T cells were assessed by flow cytometry. 
Representative flow plots and total number 
of (A) recipient-derived, virus-specific m38* 
CD8* T cells or (B) donor-derived virus- 
specific IE1* CD8* T cells (non-GVHD, n = 6; 
GVHD, n = 5) are shown. The data are 
representative of two experiments. (C) Latently 
infected B6D2F1 mice were transplanted with 
TCD-BM (non-GVHD) or BM + T cells (GVHD) 
from B6 mice. Virus-specific m38* and IE1* 
CD8* T cells enumerated at day 14 post- 
transplant (non-GVHD, n = 7; GVHD, n = 7) 
are shown. Data are combined from two 
experiments with 3 or 4 mice per group per 
experiment. (D) Latently infected B6D2F1 mice 
were transplanted with TCD-BM from B6.WT 
or B6.TCR&“~ mice. The indicated depleting 
antibodies were administered after transplant. 
Viremia at 4 weeks (GVHD) or 6 weeks 
(non-GVHD) post-transplant (non-GVHD, n = 7; 
GVHD, n = 8) is shown. Data are pooled from 
two experiments with 3 or 4 mice per group 
per experiment. (E to H) Latently infected 
B6WT or B6.uMt mice were transplanted with 
TCD-BM from CT6 mice (BALB/c NK1.1°). 
CD4-, CD8-, and NK1.1-depleting antibodies 
were administered to all groups post-transplant. 
(E) Viremia at day 14 post-transplant (BE.WT, 
n = 10; B6.uMt, n = 9) and (F) viral titers in 
target organs at day 16 post-transplant (B6WT, 
n= 10; B6nMt, n = 8) are shown. Data are 
pooled from two experiments with 3 to 5 mice 
per group per experiment. (G) MCMV-specific 
antibody titer pre-transplant was measured 
using a complement-dependent neutralization 
assay. (H) MCMV-specific IgM and IgG anti- 
bodies were measured by enzyme-linked 
immunosorbent assay at day 16 post-transplant 
(BEWT, n = 5; B6.uMt, n = 3). OD, optical 
density. (I and J) Latently infected B6 WT or 
B6.uMt mice were transplanted with CT6 
TCD-BM or BM + T cells and treated with CD4-, 
CD8-, and NK1.1-depleting antibodies post- 
transplant, as indicated. (I) Viremia at the 
indicated time points p.i. and (J) viral titers in 
target organs (n = 4 or 5 per time point). Data 
are representative of two individual experi- 
ments. (K and L) Latently infected B6D2F1 
mice were transplanted with TCD-BM from B6. 
WT or B6.uMt mice and depleted of T cells and 
NK cells post-transplant. One group received 
B6WT BM + Tcells to induce GVHD. (K) Viremia 
at days 21 and 28 post-transplant and 

(L) viral loads in target organs at day 28 
post-transplant are shown (n = 7 or 8 per 
time point). Data are combined from two 
experiments with 3 or 4 mice per group per 
experiment. The mean is plotted for (I) and (J). 
All other data represent mean + SEM. *P < 0.05, 
**P < 0.01, ***P < 0.001 (Mann-Whitney U test). 
A dotted line represents the limit of detection. 
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IgM antibodies were scant or absent in both 
GVHD and non-GVHD mice (Fig. 3B). The 
neutralizing capacity of antibodies present in the 
serum at day 28 post-transplant was not signif- 
icantly different between GVHD and non-GVHD 
groups (Fig. 3C). In contrast, serum isolated 
from mice with GVHD at day 28 post-transplant 
showed a complete inability to inhibit cell-to-cell 
spread of MCMV in vitro (table S1 and fig. S4). 
Thus, inhibition of cell-to-cell spread in vitro is 
the best indicator of protective capacity in vivo, 
suggesting that this is a major mechanism by 
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which antibodies inhibit viral reactivation and 
spread after transplantation. 

Mechanistically, antibody-mediated protection 
can also operate via antibody-dependent cell- 
mediated cytotoxicity (ADCC), which requires an 
interaction with Fc-receptor-expressing cells. No 
reactivation was observed in latently infected 
mice that received FcyRIII-deficient grafts 
and immunodepletion (Fig. 3D). Thus, the pro- 
tection mediated by MCMV antibodies occurs 
independently of donor FcyRIII-mediated 
ADCC. 
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MCMV-specific IgG titer 
Day28 


e non-GVHD ® GVHD 


GVHD results in long-term cellular immuno- 
deficiency and impaired pathogen-specific im- 
munity (20). The B cell compartment is slow to 
reconstitute and B cell numbers can take sev- 
eral years to return to normal, leaving recipients 
with impaired humoral immunity (74, 27). Mature 
splenic B cells (Fig. 3E) and plasma cells in BM 
(Fig. 3F) were significantly reduced in latently 
infected recipients with GVHD, as compared 
with non-GVHD mice. Plasma cells are long-lived 
and reported to be radiation-resistant (22). How- 
ever, plasma cell numbers were greatly reduced 


Fig. 3. MCMV reactivation in GVHD 
correlates with reduced levels of 
MCMV-specific antibodies. (A) MCMV- 
specific neutralizing antibodies (top) 
and MCMV\V-specific IgM and IgG 
quantification (bottom) in latently 
infected B6D2F1 mice pre-transplant 

(n = 6 per group) are shown. 

(B to H) Latently infected B6D2F1 mice 
were transplanted with B6 TCD-BM 
(non-GVHD) or BM + T cells (GVHD). 

(B) MCMV-specific IgM and IgG 
quantification at days 7 and 28 post- 
transplant (n = 6 per group) is shown. 
MCMV-specific IgG titers, calculated 

as described in the supplementary 
materials and methods, together with 
statistical analysis, are shown in the 

far right graph. Data are representative 
of two experiments where n = 4 mice 
per group. (C) Levels of neutralizing 
antibodies at days 7 and 28 post- 
transplant (non-GVHD, n = 11; GVHD, 

n = 12) are shown. Data are combined 
from two experiments with 5 or 6 mice 
per group per experiment. (D) Latently 
infected B6D2F1 hosts were transplanted 
with B6.WT or B6.FcyRIll-’~, TCD-BM 
(non-GVHD), or BM + T cells (GVHD), 
and treated with the anti-CD4, -CD8, 

and -NK1.1 depleting antibodies, as indi- 
cated. Viremia at 4 weeks post-transplant 
is shown. n > 8 per group from two 
experiments with 4 or 5 mice per group 
per experiment. The number of 

(E) mature B cells in the spleen and 

(F) plasma cells in BM of latently infected 
B6D2F1 mice 14 days post-transplant 
(non-GVHD, n = 7; GVHD, n = 8) is 
shown. Data are combined from two 
experiments with 3 or 4 mice per group 
per experiment. Nontransplanted 
controls are shown for comparison. 

(G) The relative contributions of host and 
donor cells to the plasma cell pool are 
shown. (H) The number of IgG2A* plasma 
cells in BM is shown (non-GVHD, n = 7; 
GVHD, n = 8). Data are combined 

from two experiments with 3 or 4 mice 
per group per experiment. Data represent 
mean + SEM. *P < 0.05, **P < 0.01, 
***P < 0.001 (Mann-Whitney U test). 
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post-transplant in both non-GVHD and GVHD 
recipients (Fig. 3F). The relative contribution of 
donor and host to the plasma cell pool in BM 
demonstrated that there was a significant en- 
hancement of recipient plasma cell loss under 


GVHD conditions (Fig. 3G). Host IgG2A* plasma 
cell numbers were also reduced by GVHD (Fig. 
3H). Thus, although recipient plasma cells can 
persist post-transplant, they are actively elim- 
inated by the GVHD reaction. 


Next, we examined whether passively acquired 
antibodies could limit MCMV reactivation in 
recipients with GVHD. The adoptive transfer of 
immune serum did not affect the development 
of GVHD (Fig. 4A), but it did protect mice from 
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Fig. 4. Strain-specific serotherapy prevents MCMV reactivation. 
Latently infected B6D2F1 mice were transplanted with B6 BM + T cells. 
Serum from latently infected (seropositive) or uninfected (seronegative) 
BALB/c mice was injected twice weekly post-transplant. (A) GVHD scores 
of mice that received serum from seronegative (black) and seropositive 
(red) donors (median and interquartile range) are shown. (B) Viremia 
at 3 and 4 weeks post-transplant and (C) viral titers in organs at 

4 weeks post-transplant (seronegative, n = 9; seropositive, n = 10) are 
shown. Data are pooled from two experiments with 4 to 6 mice per 
group per experiment. (D) Serum collected from non-GVHD or GVHD 
mice at day 14 or 28 post-BMT (as per schema), naive mouse serum 
(NMS), or serum from latently infected mice (IMS) was injected into 
BALB/c 3-week-old weaners. Mice were infected with MCMV 24 hours 
later. Viral titers quantified 4 days p.i. are shown. Data are combined 
from two experiments with 3 mice per group per experiment, except for 
NMS and IMS, where n = 9 from three experiments. (E) NMS or immune 
serum collected from BALB/c mice latently infected with K181 (K181 IMS) 
was injected into BALB/c weaners before infection with K181, N1, G4, 
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or G5 viral isolates. The transferred serum volumes are indicated. Viral 
titers in the spleen 4 days p.i. are shown. Data are combined from 

two experiments with 3 to 6 mice per group per experiment. (F) NMS or 
serum collected from BALB/c mice latently infected with the N1 strain 
(N1 IMS) was transferred to BALB/c weaners before infection with 

the K181 or N1 viral strains. Viral titers in the spleen 4 days p.i. are shown. 
Data are combined from two experiments with 2 or 3 mice per group per 
experiment. (G and H) B6D2F1 mice latently infected with K181 were 
transplanted with B6 BM + T cells to induce GVHD. NMS or serum 
from mice latently infected with K181, N1, or sera pooled from mice 
individually infected with one of eight different MCMV isolates (including 
K181) was injected twice weekly from day 14 post-transplant. (G) Viremia 
and (H) viral titers in the indicated organs at 4 weeks post-transplant 
are shown. Data are combined from two experiments with 3 or 4 mice 
per group per experiment. Data represent mean + SEM. *P < 0.05, 

**P < 0.01, ***P < 0.001 [Mann-Whitney U test used for all analyses, 
except for those represented in (G) and (H), where the Kruskal-Wallis 
H test was used]. 
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reactivation (Fig. 4, B and C). Because MCMV 
antibody levels were compromised by GVHD, 
we investigated whether antibody present under 
such conditions was able to limit MCMV infec- 
tion. Serum collected at days 14 and 28 post- 
transplant from latently infected mice, with or 
without GVHD, was transferred to highly sus- 
ceptible 3-week-old mice (78) before primary 
MCMV infection (Fig. 4D). Serum from trans- 
planted mice without GVHD limited viral repli- 
cation to the same extent as treatment with 
immune serum (Fig. 4D and fig. S5). In contrast, 
serum collected from mice with GVHD showed 
incomplete protection, which diminished over 
the course of GVHD, such that serum collected 
at day 28 post-transplant showed no protection 
(Fig. 4D and fig. S5). Thus, the loss of preexisting 
antibodies and elimination of recipient plasma 
cells lead to MCMV reactivation in recipients 
with GVHD. 

Previous attempts to ameliorate CMV disease 
in transplant recipients with immunoglobulins, 
purified from either normal donors (intravenous 
immunoglobulin) or donors with high CMV anti- 
body titers (CMV-IG), have provided ambiguous 
results (1, 23, 24). We tested the potential require- 
ment for virus-strain-specific antibodies in 3-week- 
old mice by examining whether immune serum 
from mice infected with MCMV-K181 afforded pro- 
tection against infection with unrelated MCMV 
strains. As little as 5 ul of K181 immune serum 
provided complete protection against infection 
with the same viral isolate (Fig. 4E and fig. S6). 
In comparison, protection against infection with 
three unrelated MCMV isolates (N1, G4, and G5) 
required immune serum to be administered in 
significantly larger quantities (5- to 20-fold) (Fig. 
4E and fig. S6). Similar findings were obtained 
when immune serum from mice latently infected 
with the N1 isolate was tested in a reverse exper- 
imental setting (Fig. 4F and fig. $7). Finally, the 
capacity of antibodies to protect against reac- 
tivation of an antigenically mismatched MCMV 
strain was tested. Treatment of transplant re- 
cipients with K181 serum prevented reactivation 
of K181 (Fig. 4, G and H, and fig. S8). In contrast, 
neither the serum that was specific for the N1 isolate 
nor pooled sera generated by combining serum 
from mice individually infected with eight different 
MCMV isolates (including K181) were able to prevent 
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K181 reactivation (Fig. 4, G and H, and fig. $8). Thus, 
CMV serotherapy is effective and confers high- 
level protection, even during GVHD, provided that 
the antibodies are specific for the infecting CMV 
isolate. Conversely, the dilution of strain-specific 
antibodies in polyclonal preparations renders them 
ineffective. This may explain the poor efficacy of 
polyclonal CMV immunoglobulin therapy ob- 
served in clinical studies. 

The importance of strain-specific antibodies is 
consistent with the fact that superinfection with 
multiple genetic variants of HCMV is common 
(25). Furthermore, preexisting immunity to one 
HCMV strain does not inevitably confer protec- 
tion against other strains (26, 27). Although sig- 
nificant variability in the capacity of human sera 
to neutralize heterologous HCMV isolates in vitro 
has been noted (28), strain-specific neutralization 
has not been extensively examined. Our study 
provides the basis for validation in clinical set- 
tings of HCMV infection. 

The identification of potently neutralizing 
antibodies against a viral pentameric complex 
has sparked renewed interest in antibody ther- 
apy for HCMV (29-37). Thus, patient-derived sero- 
therapy after transplant or the use of broadly 
neutralizing monoclonal antibodies emerge as 
potential strategies likely to meet the urgent 
need for inexpensive, nontoxic therapies to pre- 
vent and treat CMV reactivation and improve 
transplantation outcomes. 
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CELL DIFFERENTIATION 


H3K9me3-heterochromatin loss 
at protein-coding genes enables 
developmental lineage specification 


Dario Nicetto’”*, Greg Donahue’”**, Tanya Jain’**?, Tao Peng*’>, Simone Sidoli”’®, 
Lihong Sheng”*, Thomas Montavon’, Justin S. Becker””**, Jessica M. Grindheim’”*, 
Kimberly Blahnik’”*, Benjamin A. Garcia”®, Kai Tan®**>, Roberto Bonasio~”*, 


Thomas Jenuwein’, Kenneth S. Zaret””’?* 


Gene silencing by chromatin compaction is integral to establishing and maintaining cell 
fates. Trimethylated histone 3 lysine 9 (H3K9me3)—marked heterochromatin is reduced in 
embryonic stem cells compared to differentiated cells. However, the establishment and 
dynamics of closed regions of chromatin at protein-coding genes, in embryologic 
development, remain elusive. We developed an antibody-independent method to isolate 
and map compacted heterochromatin from low—cell number samples. We discovered high 
levels of compacted heterochromatin, H3K9me3-decorated, at protein-coding genes 

in early, uncommitted cells at the germ-layer stage, undergoing profound rearrangements 
and reduction upon differentiation, concomitant with cell type-specific gene expression. 
Perturbation of the three H3K9me3-related methyltransferases revealed a pivotal role 

for H3K9me3 heterochromatin during lineage commitment at the onset of organogenesis 


and for lineage fidelity maintenance. 


he phylotypic period of embryologic de- 
velopment occurs at the onset of organo- 
genesis, when morphological development 

is most conserved between different spe- 

cies (1-3). The “hourglass” model suggests 

that cell fate decisions are restricted during the 
phylotypic period by evolutionarily conserved 
transcription factor and signaling activities 
(1-3). Limited assay sensitivity and small num- 
bers of cells have made it difficult to investigate 
chromatin dynamics during the phylotypic pe- 
riod, when cell differentiation initiates exten- 
sively in embryos. Current thinking from the 
embryonic stem (ES) cell model (4) suggests 
that compacted heterochromatic domains ex- 
pand as cells mature, helping to establish cell 
identity (5-11). However, these studies did not 
examine the dynamic events occurring during 
natural lineage commitment at organogenesis. 
Regions of trimethylated histone 3 lysine 9 
(H3K9me3)-marked heterochromatin can have 
a physically condensed structure (12-14) that 
serves to repress repeat-rich regions of the 
genome (7, 15-17), including centromeric and 
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telomeric regions (18, 19), and silence protein- 
coding genes at facultative heterochromatin 
(20, 21). The early lethal in vivo developmental 
phenotypes associated with the depletion of 
H3K9me3-related histone methyltransferases 
(HMTases) (15, 22, 23) support the idea that 
H3K9me3 controls genome stability and dif- 
ferentiation. Recently, H3K9me3 dynamics at 
repetitive elements and promoters have been 
characterized at pregastrula stages (24). The 
global heterochromatin reorganization at germ- 
layer stages and during lineage commitment in 
vivo has not been addressed, and prior studies 
did not distinguish H3K9me3-decorated regions 
that are euchromatic from those that are hetero- 
chromatic (25). H3K9me3-enriched domains also 
impede cell reprogramming and somatic cell 
nuclear transfer (17, 25-27), underscoring the 
importance of understanding the natural dy- 
namics by which heterochromatic domains re- 
strict cell fates during normal development. 
We globally assessed the dynamics of com- 
pacted, sonication-resistant heterochromatin 
(srHC) (25) and H3K9me3 deposition at crit- 
ical developmental time points in the murine 
endoderm germ layer and in cells along the 
descendent hepatic and pancreatic lineages 
(Fig. 1A and figs. S1, A and B; $2, A to H; and 
83, A to F). Because the embryonic starting 
material has low cell numbers, we developed 
a sonication-resistant heterochromatin sequenc- 
ing (srHC-seq) method that is sucrose gradient- 
independent (25) to detect regions of srHC 
(fig. S4, A to E). We performed srHC-seq in 
definitive endodermal cells, hepatocytes, and 
mature beta cells and found similar fractions 
of the genome in srHC in the three cell types 
(fig. S4, F and G). In all stages, gene expression 
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was anticorrelated with sonication resistance 
(fig. S4H). Analysis of Hi-C-identified closed 
compartments revealed a 40% overlap with srHC 
in adult hepatocytes and mature beta cells (fig. 
S41), whereas no significant correlation with 
open compartments was detected. We observed 
extensive dynamics of srHC upon definitive 
endoderm differentiation (Fig. 1B and table S7), 
including 5979 and 4879 genes that lose com- 
paction, whereas 1630 and 5632 genes gain srHC, 
during hepatocyte and mature beta cell develop- 
ment, respectively. Gene Ontology (GO) analysis 
revealed that srHC is removed in adult function 
genes (table $7). 

We mapped H3K9me3 in cells sorted from 
embryos at different developmental stages (fig. 
$5, A to D). Unsupervised hierarchical cluster- 
ing revealed a high correlation between indi- 
vidual replicates, with definitive endoderm cells 
clustering separately from the hepatic and pan- 
creatic lineages (fig. SSE). To compare H3K9me3 
landscapes across the three germ layers, we 
included mesoderm progenitors and ectoderm- 
derived, already specified midbrain neuro- 
epithelial cells isolated at embryonic day 8.25 
(e8.25) (fig. S6, A to H) and compared their 
H3K9me3 profiles to those of definitive endo- 
dermal cells, as well as to postnatal day 0 (PO) 
heart and adult nucleus accumbens (Fig. 1A). 
Concordant with the heterochromatin analysis, 
H3K9me3 marked more gene bodies, promoters, 
and termination transcription sites (TTSs) in 
endoderm and mesoderm germ layer than in 
pregastrula stages or differentiating cells (Fig. 1C; 
fig. S7, A to E; and tables S8 and S9). A stepwise 
developmental transition analysis of H3K9me3 
revealed a substantial loss of H3K9me3 when 
definitive endodermal cells differentiate into 
hepatic and pancreatic progenitors (Fig. 1D and 
tables S10 and S11). A similar process is detected 
in the mesoderm lineage, but not upon differ- 
entiation of midbrain neuroepithelium, which is 
already past the ectoderm stage, into neurons 
(fig. S7F and tables S10 and S11). 

H3K9me3 and H3K27me3 reside both in srHC 
and open chromatin, where they decorate regions 
independently or in combination (25) (fig. S8, 
A to C). However, unlike H3K9me3, hetero- 
chromatin marked by H3K27me3 was similarly 
distributed over genes and intergenic regions 
in definitive endoderm, hepatocytes, and mature 
beta cells (fig. S9, A to E). 

We assessed the acquisition of stage-specific 
transcriptional signatures along the hepatic and 
pancreatic lineages (fig. S10, A to C, and table 
$12). Combined analysis of srHC, H3K9me3, 
and transcriptional profiles revealed that gene 
bodies, transcription start sites (TSSs), or TTSs 
marked by H3K9me3 are more repressed when 
present in srHC than in open chromatin (fig. S11, 
A and B). K-means cluster analysis of six de- 
velopmental stages (fig. S12A and table S13) iden- 
tified 15 patterns of gene expression. Notably, 
cell type-specific genes that acquire expression 
in terminally differentiated cells showed a net 
loss of srHC and H3K9me3 along both the he- 
patic and pancreatic lineages (Fig. 2, A and C 
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Fig. 1. Chromatin compaction and 
H3K9me3 landscape upon germ-layer 
differentiation. (A) Schematic of the cell 
types and embryonic developmental stages 
considered in this study. Purple, orange, 
and green asterisks next to the represented 
cell types indicate samples processed for 
H3K9me3 ChIP-seq, RNA-seq, and srHC-seq, 
respectively. (B) Alluvial plot showing 
dynamics in definitive endoderm srHC 
(dark gray) and open chromatin (light gray) 
patches upon differentiation into adult 
hepatocytes and insulin-producing cells; 

a to h indicate distinct categories or alluvia, 
characterized by a specific dynamic in 
srHC and open chromatin; the number of 
genes in each alluvium is indicated. 

(C) Number of genes marked by H3K9me3 
in each indicated stage, along the hepatic 
and pancreatic lineages. Inner cell mass 
(ICM), e6.5, and e7.5 data from (25). 

(D) Number of genes gaining (purple) 

or losing (white) H3K9me3 upon stepwise 
transition in successive developmental 
stages. Each transition is indicated above 
the corresponding gene number bar. 


Fig. 2. Loss of srHC and H3K9me3 corre- 
lates with gene expression of hepatic- 
specific markers upon differentiation. 

(A) Representative UCSC genome browser 
tracks of srHC-seq (gray), input-divided 
H3K9me3 (purple), and RNA-seq profiles 
(orange) upon definitive endoderm 
differentiation into adult hepatocytes. 

srHC and H3K9me3 patches are shown 

as gray and purple bars above each profile, 
respectively. Cytochrome P450 (Cyp) genes 
on chromosome 5 (A) are shown. The 
constitutive H3K9me3-undecorated and 
active Actin b (Actb) and the permanently 
H3K9me3-enriched and silenced zinc finger 
protein (Zfp) 936 (B) have been included 
as examples of genes whose expression 
inversely correlates to H3K9me3 presence. 
agenta arrows indicate presence of srHC 
and H3K9me3 and absence of expression. 
Green arrows indicate absence of srHC, 
H3K9me3, and gene expression. (C) Z-score 
cluster representations for genes expressed 
in adult hepatocytes. (D and E) Heatmaps 
showing levels of srHC (D) and H3K9me3 
(E) in the indicated stages. For both 

srHC and H3K9me3 heatmaps, definitive 
endodermal cell values have been ordered 
in a descendent manner. 
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to E; figs. S13A and S14, A to D; and table S14), 
whereas constitutively expressed or repressed genes 
were depleted or decorated by the mark, respec- 
tively (Fig. 2B and fig. S13, B and C). H3K27me3 
dynamics at both hepatic and pancreatic- 
specific genes were also detected, showing loss 
in development (fig. S14E). Of the 1008 and 
1249 genes in adult hepatocytes and mature 
beta cells that fail to be expressed at a higher 
level in differentiated versus uncommitted cells, 
but lose H3K9me3, 71% and 74%, respectively, 
showed increased H3K27me3 levels compared 
to definitive endoderm (fig S15A), indicating a 
compensatory mechanism for maintaining het- 
erochromatin at a subset of genes that remain 
developmentally silent. Overall, the results show 
that H3K9me3-marked heterochromatin is tran- 
siently deployed in germ-layer cells to repress 
genes associated with mature cell function and 
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is removed at many sites during differentiation 
to allow tissue-specific gene expression. 
H3K9me3 is established by three main HMTases: 
Setdb1, Suv39h1, and Suv39h2 (15, 22, 23). Setdb1 
single and Suv39hI/h2 double germline knock- 
outs are associated with early lethal phenotypes 
(15, 17, 22). We used FoxA3-Cre to generate 
endoderm-specific (28, 29), conditional knockout 
(KO) mice for SetdbI (30) (fig. SI6A) and ana- 
lyzed e11.5 livers. H3K9me3 was modestly reduced 
in mutant embryos (fig. SI6B), which showed 
bleeding in different body regions but no gross 
morphological differences in the liver structure 
and cell composition (fig. S16C). Single-cell RNA- 
seq on wild-type (wt) e11.5 hepatoblasts revealed 
three clusters of cell types (clusters 1 to 3, table 
S15), whose differentially expressed genes were 
associated with developmental processes, hepatic 
metabolism, and hematopoiesis, respectively 


scRNA-seq on hepatoblasts 
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scRNA-seq analysis on A/b+ cells from cluster 2 
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Fig. 3. Setdb1 mutant hepatoblasts up-regulate lineage-nonspecific genes. (A) t-Distributed 
stochastic neighbor embedding (tSNE) plots of single-cell RNA-seq data showing wt (cells from 

n=7 embryos; left, blue squares) and Setdbl mutant (cells from n = 3 embryos; right, red triangles) cells 
in the three identified clusters. (B) tSNE plots of single cell RNA-seq data showing wt (top, blue squares) 
and Setdb1 mutant (bottom, red triangles) Albumin-positive cells from cluster 2. The black arrow indicates 
transition of Setdb1 mutant cells (red triangles) to a different cluster from that of the wt cells (blue squares). 
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(Fig. 3A and fig. S17, A to E). Expressed genes 
in Setdb1 mutant cells more than doubled in 
cluster 1 compared to wt cells but were reduced 
in cluster 2 (Fig. 3A). Setdb] mutant albumin- 
positive (Alb+) cells from cluster 2 fail to induce 
hepatic markers and separate into a distinct 
subcluster from that of wt Alb+ cells (Fig. 3B 
and table S15). Adult, conditional Setdb] mutant 
livers show occasional hypertrophic hepatocytes 
(fig. $16, D and E) that maintain nuclear Setdb1 
and H3K9me3 levels, as well as expression of 
major urinary proteins (MUPs) (fig. S16D). How- 
ever, the bulk of Setdbi-negative cells show 
lower levels of H3K9me3 and no expression of 
MUPs, in stark contrast to wt livers that uni- 
formly express pericentral MUPs (fig. S16D). Thus, 
Setdb1 modulates hepatocyte differentiation. 
The persistence of low-level H3K9me3 in the 
conditional Setdb1 mutants and Suv39hI and 
Suv39h2 double mutants (fig. S16B and S18A), 
the appearance of escaper cells (fig. SI6D, arrows), 
and the expression of H3K9me3-related HMTases 
being higher in definitive endoderm, compared to 
more specified cells (fig. SI8B), prompted us to 
generate an endoderm-specific conditional triple- 
knockout mutant (TKO) murine strain of all three 
H3K9me3-related HMTases (fig. S19, A to F). Pro- 
tein analysis showed a clear reduction in Setdbl, 
Suv39h1 (fig. S20A), and Suv39h2 (fig. S20B), 
leading to a marked decrease in H3K9me3, but 
not in H3K27me3 and H3K9me?2 (fig. S20, A 
and C). Single-cell RNA-seq on e11.5 Liv2+ cells 
revealed that TKO hepatoblasts clustered into 
a separate group compared to wt and Setdb1 
mutant cells (Fig. 4A), with an overlap of only 
43 genes, of nonliver types, up-regulated in com- 
mon between TKO and SetdbI mutant cells 
(table S15). Indeed, despite expressing albumin 
(fig. S20D), TKO cells did not gain a clear hepatic 
transcriptional profile (fig. S20E and table S15). 
One-month-old triple-mutant animals (nm = 5) 
appeared smaller in size compared to control 
littermates (Fig. 4B), showing up to a threefold 
reduction in body weight (fig. S21A). TKO livers 
display inflammatory phenotypes, characterized 
by a ductular reaction (Fig. 4C). Genomic anal- 
ysis (fig. S21, B and C) confirmed a substantial 
loss in srHC and H3K9me3 (Fig. 4D), which was 
validated by a global loss of condensed chroma- 
tin as seen by electron microscopy (Fig. 4E). RNA- 
seq data on 1-month-old livers (fig. S21, D and E) 
revealed a marked derepression of nonhepatic 
genes in TKO livers and a failure to induce ma- 
ture hepatocyte genes such as MUPs (fig. S22, A 
and B, and table S16). The latter phenotype, seen 
also in adult SetdbI KO livers (fig. SI6D), indicates 
secondary effects upon depletion of H3K9me3- 
related HMTases. Notably, markers associated 
with chromosomal instability were mostly un- 
affected (fig. S22, C to E). Thus, failure to estab- 
lish H3K9me3-marked heterochromatin during 
early development leads to a failure of hepatocyte 
maturation, even 1 month after birth, and results 
in expression of inappropriate lineage genes. 
Heterochromatin has been defined by bio- 
physical properties more than by repressive 
histone modifications (25). We employed an 
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Fig. 4. TKO mutant cells lose hepatic identity and show developmental phenotypes asso- 
ciated with decreased H3K9me3 and srHC levels. (A) tSNE plots of e11.5 single-cell RNA-seq 
data showing wt, Setdbl mutant (same as in Fig. 3), and TKO (cells from n = 7 embryos; 

right, dark green circles) cells in the four identified clusters. (B) Representative morphological 
phenotype of 1-month-old control (ctrl) (n = 3) and FoxA3-cre; Setdb1 fl/fl; Suv39h1 fl/fl, Suv39h2 
KO KO triple-knockout (TKO) mutants (n = 5). (©) Hematoxylin and eosin (H&E) staining and 
cytokeratin 7 immunohistochemistry in 1-month-old ctrl and TKO livers. Scale bar: 50 um. 

(D) Percentage of genome covered by H3K9me3 and srHC domains in ctrl and TKO livers. 

(E) Representative electron microscopy images for ctrl and TKO 1-month-old hepatocytes. Scale 
bar: 600 nm. The number of cells recorded in the two groups is indicated at the bottom. 


approach whereby srHC is isolated and char- 
acterized independently and in correlation with 
H3K9me3. We found higher levels of hetero- 
chromatin at gene bodies in early, uncommitted 
endodermal and mesodermal cells and observed 
a developmental loss of H3K9me3 and srHC 
during cell differentiation in vivo (fig. $23A). 
Genetics of H3K9me3-related HMTase mutant 
mice highlighted the importance of proper 
heterochromatin establishment to promote cell 
differentiation. These findings underscore how 
epigenetic regulation of chromatin structure con- 
trols cell identity in embryogenesis. We propose 
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a role for H3K9me3-marked heterochromatin as 
an epigenetic contributor to the hourglass model 
(1-3), working in concert with homeobox pro- 
teins (J) and signaling (2) influences, to con- 
strain gene activity during the phylotypic period 
of embryonic development and guarantee estab- 
lishment of cell identity. 
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or almost 30 years, Science and its Breakthrough of the 

Year issues have been observing and commemorating 

the essence of humanity: our innate hunger to 

understand and document the world around us. These 
issues serve us in two ways: They celebrate moments of success 
in science and engineering, and act as a prompt, encouraging 
us to ask even more questions. 

To encourage adolescents to inquire more about science, the 
Tencent Youth Science Festival—a forum targeting the youth in 
China and cosponsored by Science/AAAS and Tencent, a China- 
based tech giant and artificial intelligence (Al) leader—will be 
launched in January 2019. A shortlist of breakthrough topics was 
collated by the News team at Science and provided to Tencent, 
which leveraged its social, data, and analysis services to gauge 
the interests of more than 100,000 young users, providing the 
final 10 breakthrough topics that will be discussed at the forum 
and also published online on the Science website on January 20. 

Although the breakthroughs reported are diverse, spanning 
all fields of science, technology, engineering, and math (STEM), 
they can all be defined according to their scale. For example, 
some of these achievements deal with the macroworlds of our 
solar system and our planet, such as the discovery of liquid 
water on Mars, and an examination of samples from the Earth’s 
oldest ice cores, which has given us a clearer picture of Earth's 
atmosphere 2.7 million years ago. Some breakthroughs have 
expanded the scale of human history, such as a skull found in 
a Moroccan cave that astonishingly turned back the clock for 
the emergence of the first Homo sapiens to 300,000 years ago— 
100,000 years earlier than previously thought! 

Other breakthroughs demonstrate the ability to examine our 
universe on a smaller scale. For instance, we are now uncovering 
increasingly detailed information about our cells and our 
enigmatic brains. And recently, scientists have started to better 
understand and even tinker with memory’s physical framework, 
discovering ways to manipulate specific memories in mice using 
optogenetics, a powerful technique that harnesses laser light to 
trigger nerve cells in animals’ brains. In addition, we have begun 
to unravel the mystery of sleep and the fact that it serves not 


Close-up of Mars’ south polar ice cap where liquid water was 
discovered under its surface, pointing to the possibility of life forms 
and future colonization. 


just as a way to rest, but as a mechanism to flush out debris from 
our cells that could cause plaques associated with Alzheimer’s 
disease. 

Groundbreaking techniques such as CRISPR, which can be 
used to edit genes, and new interdisciplinary fields like synthetic 
biology, which integrates innovations in engineering and the 
life sciences, are helping us comprehend our lives at even 
smaller scales. For example, new knowledge concerning the 
human microbiome, and the body's role as a vast “apartment 
complex” that serves as home to trillions of microbes, will help 
us appreciate how these tiny “tenants” impact human health. 

The more we understand about ourselves at the cellular 
level and below, the more we can influence systems on much 
larger scales. Our knowledge of how neurons work has led to 
the first large-scale neuromorphic chips, designed to process 
information in ways similar to human brains. And our increasing 
comprehension of human cognition has enabled scientists to 
show that autonomous robot-robot communication is possible, 
and will allow these devices to “think” and act together, 
improving their efficiency and capacity to “learn.” Advances in 
artificial intelligence have also made it possible for the newest 
robots to navigate unmapped environments. 

A lot of uncharted territory remains in science. But make 
no mistake: Each new discovery, while seemingly small, is a 
thread woven together with all our previous knowledge into an 
extremely strong cord. And it is this cord that unites us, inspires 
us, guides us, and defines us as human beings in our quest for 
greater understanding. 


For an expanded version of this advertorial go to 


Tencent fii 


IMAGE: © ESA/DLR/FU Berlin, CC BY-SA 3.0 IGO 


The Best Antibody Discovery Technology Z270x —= 


Is Now at Your Fingertips LE 


Trianni Mouse Antibodies are a Match for Humans 


The Trianni Mouse™ platform is the only transgenic antibody discovery 4 
platform ever developed that offers the entirety of human antibody 

variable gene diversity in a single organism. ° 
The V-gene segments in The Trianni Mouse are chimeric, but the variable 

domains of antibodies made by the mouse are entirely human. The result 

is human antibody leads generated from antibody genes optimized for 

function in the mouse. Or, in the simplest terms, The Trianni Mouse is a 

more human mouse. 

To learn more about this innovative platform, visit Trianni.com IN 


HUMAN TRIANNI 


Amino Acid position Amino Acid position 


CDR-H53 residue utilization in antibodies derived from human samples and the Trianni i R [IAN N 4 
transgenic lg Mouse. In the naive Trianni Mouse, heavy chain CDR3 (CDR-H3) aa 


utilization frequency is effectively the same in humans and in The Trianni Mouse. 


> 
oO 
Cc 
o 
= 
a 
o 
= 
ao) 
so) 
<x 
° 
£ 
E 
~< 


Amino Acid frequency 


Exceptional Human Antibody Discovery Technology 


Submit Your Research for 
Publication in Science Robotics 


ScienceRobotics.org 


ScienceRobotics 


MVAAAS 


Send pre-submission inquiries 
and expressions of interest to 
sciroboteditors@aaas.org. 


3 _—= i 


LIFE SCIENCE TECHNOLOGIES 


new products 


Eye Wash 

Aero Emergency Eye Wash Solution is 
an all-in-one eye wash that combines 
sterile saline with a buffered, pH- 
neutralizing solution to not only rinse 
impurities and irritants from the eyes, 
but also help the eye return to a nor- 
mal 7.4-pH level by quickly neutral- 
izing corrosive chemicals. Along with 
the 16-0z. and 32-0z. sizes, we also 
offer 5-oz. and %-oz. sizes that can 
be easily included in portable workstations or in pockets for high-risk 
situations. All bottles have easy-to-open quick twist tops for immedi- 
ate access. A wall-mounting station that contains two 16-o0z. bottles is 
also available. Aero Eye Wash has an expiration date of four years from 
the date of manufacture. It meets all FDA requirements for eye wash 
as per 21 CFR Part 349, and also meets the ANSI Z358.1-2009 standard 
(as a personal eye wash only). 
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Automation-Friendly Cell Growth Microplates 

BactiGrowth is a range of specially packaged plates designed to enable 
high-yield growth of bacteria, yeast, mammalian, or insect cell lines. 
Precisely manufactured to conform to the automation-friendly ANSI/ 
SBS format, BactiGrowth plates are available in formats from 24-well to 
384-well and well volumes from 300 UL to 10 mL per well, to suit most 
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conditions from ultrapure-grade polypropylene, every batch of plates is 
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producibility and maintaining customer confidence in the cells you grow. 
BactiGrowth plates are supplied in packs of five with tight-fitting lids and 
sealed in a sterile polymer bag. 

Porvair Sciences 
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Chromatography Resin 

CHT Ceramic Hydroxyapatite XT Media (CHT XT) is a calcium-affinity, 
cation-exchange chromatography media. It is engineered with advanced 
technology, resulting in unique selectivity and robust, uniformly sized 
beads with excellent pressure-flow properties. The chemical composition 
of CHT XT is Ca1o(PO4)6(OH)z2, and it is a mixed-mode media. CHT XT pro- 
vides unparalleled separation properties and resolution. It can be used in 
applications such as purification of enzymes, monoclonal and polyclonal 
antibodies of various classes, antibody fragments, and bispecific antibod- 
ies; efficient isolation and purification of viruses and virus-like particles; 
and separation of supercoiled DNA from linear duplexes as well as sepa- 
ration of single-stranded from double-stranded DNA. It is ideal for large- 
scale bioprocess applications. CHT XT Media delivers unique selectivity, 
efficient single-step clearance of aggregates and other impurities, high 
physical and chemical stability, and straightforward column packing. 
Bio-Rad 

For info: 800-424-6723 

www.bio-rad.com 
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Automated Western Blot Processor 

BlotCycler by Precision Biosystems is designed to perform automatic 
blocking, addition, and incubation of primary and secondary antibodies 
as well as automatic washing steps. It features trays that can be config- 
ured to process up to 24 blots with six different primary and secondary 
antibodies simultaneously. Users simply add their antibodies and fill the 
BlotCycler tank with buffer solution, add blot membranes to process- 
ing trays, and select the protocol for blocking, incubation, and washing. 
With precise timing, BlotCycler distributes buffers and antibodies, and 
performs controlled agitation for consistent processing. When blots are 
removed, the automatic-cleaning protocol is employed for thorough 
cleaning. The system accommodates most blocking and incubation pro- 
tocols, and laboratories can continue using the same reagents. BlotCycler 
can run multiple Western blots using two different protocols at once, 
performing all steps in precise, reproducible fashion to yield uniform as- 
say results unattended by an operator. 

Precision Biosystems 
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sCMOS Camera for Astronomy and Physical Sciences 

The Marana 4.2B-11 back-illuminated scientific complementary metal- 
oxide semiconductor (sCMOS) camera for astronomy and physical 
sciences features 95% quantum efficiency (QE) and market-leading 
vacuum cooling down to -45°C. It delivers up to 48 fps, perfectly suited 
to “dynamic astronomy” applications such as space-debris tracking, near- 
Earth-object detection, and solar astronomy. Marana 4.2B-11 combines 
a 4.2-megapixel-array format with 11-um pixels, enabling an impressive 
32-mm sensor diagonal. The full 2,048 x 2,048 array is accessed through 
implementation of Andor’s unique Anti-Glow technology, meaning the 
full sensor area is usable across a wide range of exposure durations. A 
UV-enhanced option maximizes response across the wavelength region 
between 200 nm and 400 nm, enveloping both 266-nm and 355-nm laser 
lines and presenting a strong solution for applications such as wafer 
inspection and ultracold ion measurements. The hermetically sealed 
vacuum enclosure also uniquely protects the delicate and exposed sen- 
sor from attack by moisture and other gas contaminants, thus preserving 
both QE and cooling performance year after year. 

Andor 
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Avacta has expanded its catalog of anti-idiotypic (ID) reagents to include 
the therapeutic targets adalimumab, ipilimumab, and rituximab. All anti- 
ID Affimer reagents have been developed in collaboration with leading 
clinical research organizations and pharmaceutical companies. They offer 
several benefits, including (1) highly specific and sensitive recognition of 
your therapeutic antibody with a generic detection system to overcome 
the need for bridging assays and to simplify assay setup; (2) low matrix 
effect to ensure assay performance within a range of complex samples; 
and (3) batch-to-batch consistency assuring security of supply. Avacta’s 
custom anti-ID development service offers rapid development of rea- 
gents, with no affinity maturation needed. 
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Bi OPE ame eanicaved * 20+ flash talk sessions on current scientific projects 
for Nuclear Research 


and initiatives 
Science Activation: 


How Do We Get Our * Opportunities to network with colleagues and attend 
Science Used by workshops on career guidance 

j ? 
eee ¢ E-poster presentations highlighting science research by 
LUCY JONES : 
Founder and Chief Scientist, students and professionals 


Dr. Lucy Jones Center for 
Science and Society 
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Topical Sessions 


S&S ©®0@ O06 -20O68@ 


Materials for the Future: 
Self-driving Laboratories 


ALAN ASPURU-GUZIK 
University of Toronto 


Plagues and Progress: Why the World is 
Getting Healthier in Worrisome Ways 


THOMAS J. BOLLYKY 
Council on Foreign Relations 


Climate Change 2019: 
Finding the Accelerator Pedal 


CHRISTOPHER B. FIELD 
Stanford University 


Organs-on-Chips Technology: 
Drug Discovery and Development 
Beyond Animal Models 


GERALDINE HAMILTON 
Emulate, Inc. 


Secrets of Spider Webs: Unraveling 
the Complexity of Spider Silk Genes 


CHERYL Y. HAYASHI 
American Museum of Natural History 


Critical Steps Toward Modernizing 
Graduate STEM Education 


ALAN I. LESHNER 
American Association for the Advancement 
of Science 


Behave: The Biology of Humans at 
Our Best and Worst 


ROBERT SAPOLSKY 
Stanford Univeristy 


Health Beyond Humanity: 

A Planetary Perspective On Our 
Past and Future 

SABRINA SHOLTS 


National Museum of Natural History, 
Smithsonian Institution 


Heredity: Our Defining Mystery 


CARL ZIMMER 
New York Times 


PANEL: 


SARTON MEMORIAL LECTURE IN THE 
HISTORY AND PHILOSOPHY OF SCIENCE 


Science for Grown-Ups: Assessing 
Past and Present Adult Informal 
Science Education 


KAREN A. RADER 
Virginia Commonwealth University 


JOHN P. MCGOVERN AWARD LECTURE 
IN THE BEHAVIORAL SCIENCES 


The Gestural Origins of Language 
and Thought 

SUSAN GOLDIN-MEADOW 

University of Chicago 


Societies’ Next Steps to Combat 
Sexual Harassment in STEM 


SPEAKERS: 


DAVID ACOSTA 
Association of American Medical Colleges 


JAMIE LEWIS KEITH 
EducationCounsel LLC 


VICKI MAGLEY 
University of Connecticut 


SHIRLEY MALCOM 
American Association for the Advancement 
of Science 


BILLY WILLIAMS 
American Geophysical Union 


MODERATOR: 


ANDREW BLACK 
American Association for the 
Advancement of Science 


Download the Annual Meeting app for the most up-to-date program information: aaas.org/app 
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Scientific Sessions 


Keep up with cutting edge developments in science and policy 


Controlling Contagion 


ANTIBIOTIC USE IN HUMANS AND 
ANIMALS: STRATEGIES FROM SOCIAL 
SCIENCE 

Organized by Renata Ilvanek Miojevic and 
Michelle Wemette, Cornell University, 
Ithaca, NY 


EPIGENETICS IN INFECTION, DIETS, 
AND ENVIRONMENTS: RESPONSIBLE 
RESEARCH AND INNOVATION 

Organized by Vittorio Colizzi, University of 
Rome—Tor Vergata, Italy; Maria S. Salvato, 
University of Maryland School of Medicine, 
Baltimore, MD 


INFECTIOUS DISEASE CONTROL 

AND PREVENTION: THE FUTURE IS 
INTERDISCIPLINARY 

Organized by Terry O’Connor, UK Research 
and Innovation, Swindon, United Kingdom 


INFECTIOUS DISEASES: PUSHING THE 
BOUNDARIES OF PHYSIOLOGY 
Organized by Isabelle Boscaro-Clarke, 
Diamond Light Source, Didcot, United 
Kingdom 


MATHEMATICAL MODELING OF 
DISEASES: TRANSLATIONAL 
APPROACHES 

Organized by Reinhard Laubenbacher, 
UConn Health, Farmington, CT; Mark Alber, 
University of California, Riverside, CA 


OPENNESS ABOUT CLINICAL TRIAL 
RESULTS: LESSONS FROM COMPANIES 
ON THE FRONT LINE 

Organized by Sile Lane, Sense about 
Science, London, United Kingdom 


THE QUEST FOR A UNIVERSAL 

FLU VACCINE 

Organized by Karen Chandross, Sanofi, 
Bridgewater, NJ 


THE ROLE OF STEM CELLS IN THE 
FUTURE OF MEDICINE 

Organized by Jens Wilkinson, RIKEN, 
Saitama, Japan; Ayaka Nakauchi, Kyoto 
University, Japan 


THE SILENCE OF THE FROGS 

Organized by Erin Heath, AAAS, 
Washington, DC; Julia Smith, Association 
of American Universities, Washington, DC 


UNDERSTANDING ANTIBIOTIC 
RESISTANCE: REGULATION, 
QUALITY, AND ACCESS 
Organized by Muhammad Zaman, 
Boston University, MA 


VIRUSES, MICROBES, AND THEIR 
ENTANGLED FATES 

Organized by Joshua Weitz, Georgia Institute 
of Technology, Atlanta, GA; Adrienne Correa, 
Rice University, Houston, TX 


Cultivating Borderless Research 


BEYOND OR DESPITE POLITICAL 
BORDERS: SCIENCE DIPLOMACY AND 
THE CONSTRUCTION OF EUROPE 
Organized by Pascal Griset, Sorbonne 
Université, Paris, France; Elke Boers, Vrije 
Universiteit Brussel, Brussels, Belgium 


BORDER WALLS: EXCLUSIONARY 
AND INEFFECTIVE 

Organized by Dudley Poston, Texas A&M 
University, College Station, TX 


BUILDING GLOBAL RELATIONSHIPS 
THROUGH DEFENSE DIPLOMACY AND 
SCIENTIFIC COOPERATION 

Organized by Esha Mathew, AAAS, 
Washington, DC 


COMPETITIVE ADVANTAGE: 
PROTECTING THE BALANCE IN AFRICA, 
ASIA, AND EUROPE 

Organized by Aidan Gilligan, Sci\Com—Making 
Sense of Science, Brussels, Belgium; Daan du 
Toit, South African Department of Science and 
Technology, Pretoria, South Africa 


COUNTDOWN TO AFRICA’S 
SCIENTIFIC LIFTOFF 

Organized by Neil Turok, Perimeter 
Institute for Theoretical Physics, 
Waterloo, Canada 


FUNDING AGENCIES AND RESEARCH: 
COPING WITH GEOGRAPHIC AND 
DISCIPLINARY CHALLENGES 

Organized by Shaun Baron, Natural Sciences 
and Engineering Research Council of Canada, 
Ottawa, Canada; Rainer Gruhlich, German 
Research Foundation, Washington, DC 


GLOBAL SCIENCE PARTNERSHIPS 
AND LOCAL OUTCOMES 

Organized by Elizabeth Lyons, National 
Science Foundation, Alexandria, VA 


GLOBAL SCIENTIFIC COLLABORATIONS: 
NEW TRENDS 

Organized by David Cheney, Technology 
Policy international, LLC, Silver Spring, 
MD; Go Ohba, National Institute of Science 
and Technology Policy, Tokyo, Japan 


GOING GLOBAL: TOWARD A TRULY 
INTERNATIONAL PROCESS FOR 
RESEARCH INFRASTRUCTURES 
Organized by Terry O’Connor, UK Research 
and Innovation, Swindon, United Kingdom; 
Peggy Pan, Chinese Academy of Sciences, 
Beijing, China 

KILLER ROBOTS: TECHNOLOGICAL, 
LEGAL, AND ETHICAL CHALLENGES 


Organized by Toby Walsh, University of 
New South Wales, Kensington, Australia 


SCIENCE DIPLOMACY: CONTRIBUTIONS 
TO THE RESOLUTION OF CONFLICTS 
AND GLOBAL INSECURITY 

Organized by Karen Lips, University of 
Maryland, College Park, MD; Meredith 
Gore, Michigan State University, East 
Lansing, Ml 
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SCIENCE IN AFRICA: NEW PROGRAMS 
AND CONTRIBUTIONS 

Organized by Herman B White, Fermi 
National Accelerator Laboratory, Batavia, 
IL; Ketevi Assamagan, Brookhaven 
National Laboratory, Wading River, NY 


SCIENCE IN THE NEW ARCTIC: 

THE CONVERGING OF NATURAL 

AND SOCIAL SCIENCES 

Organized by Andrey Petrov, International 
Arctic Social Sciences Association, Cedar 
Falls, |A; Jack Kaye, NASA, Washington, DC 


TREATING PEDIATRIC CANCER IN 
CRISIS: LESSONS FOR DELIVERING 
CARE 

Organized by Sima Jeha, St. Jude 
Children’s Research Hospital, Memphis, TN 


Diversifying Scientific 
Contributions 


HOW PEOPLE LEARN: A NEW LOOK 
Organized by Nora Newcombe, Temple 
University, Philadelphia, PA; Zewelanji 
Serpell, Virginia Commonwealth 
University, Richmond, VA 


ACADEMIC RESEARCH ASSESSMENT: 
REDUCING BIASES IN EVALUATION 
Organized by Anna Hatch, American 
Society for Cell Biology, Bethesda, MD; 
Stephen Curry, Imperial College, London, 
United Kingdom 


EFFECTIVE MENTORING: STRATEGIES 
AND EXPERIENCES 

Organized by Maria Lund Dahlberg, 
National Academy of Sciences, 
Engineering, and Medicine, Washington, 
DC; Juan Gilbert, The University of Florida, 
Gainesville, FL 


PRACTICAL REPRODUCIBLE RESEARCH: 
REPLICATING SCIENTIFIC DISCOVERIES 
Organized by Susan Holmes, Stanford 
University, CA 


PROMOTING GENDER EQUITY IN 
STEM: TOP DOWN AND BOTTOM 

UP APPROACHES 

Organized by Christine O'Connell, Stony 
Brook University, NY; Merryn McKinnon, 
Australian National University, Canberra, 
Australia 


REDUCING SOCIETAL POLARIZATION 
ABOUT SCIENCE-BASED ISSUES: 
PROPOSED STRATEGIES 

Organized by Edward W. Maibach, George 
Mason University, Fairfax, VA 


REFUGEES AND IMMIGRANTS: 
HISTORIC CONTRIBUTIONS TO STEM 
Organized by Lynn Caporale, New York, NY 


SCIENTIFIC LEADERSHIP PROGRAMS: 
PREPARING SCIENTISTS TO MAKE 

A DIFFERENCE 

Organized by Giovanna Guerrero-Medina, 
Yale University & Ciencia Puerto Rico, New 
Haven, CT 


SEXUAL MINORITIES IN THE STEM 
PIPELINE: FROM EDUCATION TO 
WORKFORCE 

Organized by Rochelle Diamond, 
National Organization of Gay and Lesbian 
Scientists and Technical Professionals, 
Pasadena, CA 


SUPPORTING UNDERGRADUATE 
RESEARCHERS TRANSITIONING 
BETWEEN 2 AND 4 YEAR COLLEGES 
Organized by Linda M. Grisham, 
Massachusetts Bay Community College, 
Wellesley Hills, MA; Stacey Kiser, Lane 
Community College, Eugene, OR 


USING ONLINE PLATFORMS TO CREATE 
CULTURALLY RELEVANT COMMUNITIES 
OF PRACTICE 

Organized by Lou Woodley, AAAS, 
Washington, DC 


WOMEN IN SCIENCE: UNDERSTANDING 
WHAT WORKS 

Organized by Ashley Bear, National 
Academies of Sciences, Engineering, and 
Medicine, Washington, DC; Tom Rudin, 


Board on Higher Education and Workforce, 


Washington, DC 


Engaging the Human Ecosystem 


COMPUTATIONAL SOCIAL SCIENCE: 
THE NEXT DECADE 

Organized by David Lazer, Northeastern 
University, Boston, MA 


DRUG DEVELOPMENT: OVERCOMING 
OBSTACLES 

Organized by Richard Neubig, Michigan 
State University, East Lansing, MI; William 
Beck, University of Illinois, Chicago, IL 


GLOBAL NEUROSCIENCE: 
ACCELERATING BRAIN SCIENCE 
DISCOVERY 

Organized by Stephanie Albin, The Kavli 
Foundation, Los Angeles, CA 


HUMAN GENETIC RESEARCH: 
OVERCOMING RACE 

Organized by Keegan Sawyer, National 
Academies of Sciences, Engineering, and 
Medicine, Washington, DC; Michael Yudell, 
Drexel University, Philadelphia, PA 


MEDICINE, COMPUTER SCIENCE, 
AND ART: LEARNING THROUGH 
TECHNOLOGY 

Organized by Francesca Casadio, Art 
Institute of Chicago, IL 


MISSIONS TO MARS: UNDERSTANDING 
AND PREPARING TEAMS FOR 

THE FUTURE 

Organized by Noshir Contractor, 
Northwestern University, Evanston, IL 


NEUROBIOLOGICAL AND PUBLIC 
HEALTH PERSPECTIVES ON EARLY 
LIFE ADVERSITY 

Organized by Rachel Anderson, AAAS, 
Washington, DC 


NEURODEVELOPMENTAL DISORDERS: 
DEVELOPING MEDICAL TREATMENTS 
Organized by Jacqueline Crawley, 
University of California, Davis School of 
Medicine, Sacramento, CA 


NEUROLOGY AND PSYCHIATRY: 
MEETING IN THE AGING BRAIN 
Organized by Irina Esterlis, National 
Center for Post-Traumatic Stress 
Disorder, West Haven, CT 


NORDIC REGISTERS AND BIOBANKS: 

A GOLDMINE FOR PRECISION 

MEDICINE RESEARCH 

Organized by Tor Martin Nilsen, NordForsk, 
Oslo, Norway 


P7: A NEW PARADIGM FOR HEALTH 
CARE IN THE 21ST CENTURY 

Organized by Ram D. Sriram, National 
Institute of Standards and Technology, 
Gaithersburg, MD; Ramesh Jain, University 
of California, Irvine, CA 


PREVENTING SEXUAL HARASSMENT: 
NEXT STEPS FOR SCIENCE, 
ENGINEERING, AND MEDICINE 
Organized by Frazier Benya, National 
Academies of Sciences, Engineering, and 
Medicine, Washington, DC 


RACE, SEX, AND GENES: SHAPING 
BODIES, SHIFTING BOUNDARIES, 
CHALLENGING MYTHS 

Organized by Agustin Fuentes, University 
of Notre Dame, IN 


TEETH AS A BIOMARKER FOR 
ENVIRONMENTAL STRESS AND RISK OF 
DISEASE 

Organized by Pamela Den Besten, 
University of California, San Francisco, CA 


Expanding Tech Applications 


BIG DATA: OVERCOMING CHALLENGES @ 
TO FACILITATE DATA RE-USE @ e 
Organized by Sabina Leonelli, University @ ® 
of Exeter, United Kingdom; Nancy @ @ 
J. Nersessian, Georgia Institute of © @ é 
Technology and Harvard University, © @ r) 
Cambridge, MA QO © @ ° 
®e@ @ 
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BLOCKCHAIN AND THE SCIENTIFIC 
METHOD 

Organized by Kush Varshney, IBM 
Research, Yorktown Heights, NY; Lav 
Varshney, University of Illinois at Urbana- 
Champaign, IL 


BUILDING QUANTUM COMPUTERS: 
WHY AND HOW 

Organized by Charles Clark, Joint 
Quantum Institute, Gaithersburg, MD; 
Anice Anderson, Private Engineering 
Consulting, Carmel, IN 


DRIVERLESS FUTURES: DISCIPLINES, 
SECTORS, AND GEOGRAPHIC 
CONSIDERATIONS 

Organized by Mahmud Farooque and 
Jason Lloyd, Consortium for Science, 
Policy & Outcomes, Arizona State 
University, Washington, DC 


EARTH’S MANTLE REVEALS EVIDENCE 
OF NORTH AMERICA’S STORIED 
GEOLOGICAL PAST 

Organized by Beth Grassi and Elisabeth 
Nadin, EarthScope National Office, 
Fairbanks, AK 


EARTH’S SURFACE RESPONSE TO 
EARTHQUAKES, VOLCANOES, AND 
GROUNDWATER: BULGE AND RUPTURE 
Organized by Beth Grassi and Elisabeth 
Nadin, EarthScope National Office, 
Fairbanks, AK 


ENABLING LONG-DURATION MANNED 
EXPLORATION OF SPACE: CHALLENGES 
AND NEW DEVELOPMENTS 

Organized by Sigrid Reinsch and Sandra 
Dueck, NASA Ames Research Center, 
Moffett Field, CA 


HOW NEW TECHNOLOGY AFFECTS 
SOCIETY 

Organized by Giovanni Felici, European 
esearch Council Executive Agency, 


earch Council Executive Agency, Saint- 
ten-Noode, Belgium 


COMBINING GRAVITY 
S 

phy, National Radio 
atory, Charlottesville, VA 


= DATA PRODUCTS AND 

Y PROTECTION: EXPERIENCES 
I E FRONT LINES 

nized by Jerome Reiter, Duke 
ersity, Durham, NC 


OLVING THE BIGGEST MYSTERIES 
WITH THE TINIEST PARTICLES 

Organized by Kurt Riesselmann, Fermi 
National Accelerator Laboratory, Batavia, IL 
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SYNTHETIC BIOLOGY AND ADAPTIVE 
MANAGEMENT 

Organized by Wayne Landis, Western 
Washington University, Bellingham, WA; 
Keegan Sawyer, The National Academies 
of Sciences, Engineering, and Medicine, 
Washington, DC 


THE ORIGIN OF GOLD, PLATINUM, 
AND OTHER HEAVY ELEMENTS IN THE 
UNIVERSE 

Organized by Reiner Kruecken and 
Jonathan Bagger, TRIUMF, Vancouver, 
Canada 


THE SCIENCE OF QUANTUM 
INFORMATION: DISENTANGLING 
OPPORTUNITIES FROM THE HYPE 
Organized by David Steuerman, The Kavli 
Foundation, Los Angeles, CA 


Feeding Society 


ADDRESSING HUNGER THROUGH 
AGRICULTURAL DISCOVERY 
Organized by Elizabeth Ainsworth, USDA 
Agricultural Research Center, Urbana, IL 


FOOD AND NUTRITION SECURITY: 
SCIENTIFIC PARTNERSHIPS AND 
OPPORTUNITIES 

Organized by Volker ter Meulen, 
InterAcademy Partnership, Trieste, Italy; 
Robin Fears, European Academies Science 
Advisory Council, Halle (Saale), Germany 


FOOD WASTE: A SOCIETAL CONCERN 
Organized by Sheril Kirshenbaum, 
Michigan State University, East Lansing, 
MI; Michael E. Webber, University of Texas 
at Austin, TX 


GENOME EDITED LIVESTOCK AND 
REGULATORY STALEMATES 
Organized by Alison Van Eenennaam, 
University of California, Davis, CA 


HUMAN INTERACTIONS, BIODIVERSITY, 
AND SOCIO-ECOLOGICAL DYNAMICS IN 
DEEP TIME, PARTS | AND II 

Organized by Stefani Crabtree, The 
Pennsylvania State University, State 
College, PA; Jennifer A. Dunne, Santa 

Fe Institute, NM 


SUSTAINABLY FEEDING TEN BILLION 
PEOPLE 

Organized by Jim Ballingall, Industry- 
Academia Partnership, Los Gatos, CA 


Forming Connections 


(IN) JUSTICE BEFORE TRIAL: 
UNDERSTANDING EARLY STEPS 

IN THE CRIMINAL JUSTICE SYSTEM 
Organized by Barbara Spellman, 
University of Virginia, Charlottesville, VA 


APPLIED SYSTEMS ANALYSIS: 
BRIDGING EAST AND WEST 

Organized by Jan Marco Miller, 
International Institute for Applied Systems 
Analysis, Laxenburg, Austria 


CENSUS 2020: RECENT CHANGES AND 
IMPACTS 

Organized by Robin Mejia, Carnegie Mellon 
University, Pittsburgh, PA 


FUNDING SCIENCE IN CANADA: 
POLITICAL INITIATIVE MEETS 
GRASSROOTS SUPPORT 

Organized by Mehrdad Hariri, Canadian 
Science Policy Centre, Toronto, Canada 


GOVERNMENT SCIENTISTS: ROLES AND 
CHALLENGES 

Organized by Margaret Taylor, Lawrence 
Berkeley National Laboratory, Berkeley, CA 


INTERNATIONAL SCIENTIFIC 
PARTNERSHIPS: OPPORTUNITIES AND 
CHALLENGES 

Organized by Caroline S. Wagner, Ohio 
State University, Columbus, OH; Rainer 
Asse, American Academy of Arts and 
Sciences, Cambridge, MA 


LEGAL PROTECTION FOR SCIENTISTS: 
OVERCOMING REAL AND PERCEIVED 
BARRIERS 

Organized by Joanne P. Carney and 
Theresa Harris, AAAS, Washington, DC 


PARTICLE PHYSICS: FRONTIER 
SCIENCE AND INTERNATIONAL 
PARTNERSHIPS 

Organized by Pushpalatha Bhat, Fermi 
National Accelerator Laboratory, Batavia, IL 


POLICYMAKERS AND COMMUNICATING 
SCIENCE: OPPORTUNITIES AND BEST 
PRACTICES 

Organized by Kei Koizumi, AAAS, 
Washington, DC; Karen Akerlof, George 
Mason University, Fairfax, VA 


SCIENCE DIPLOMACY AND NORTH 
KOREA: THE DAWN OF A NEW ERA 
Organized by Mijung Jung and Soyeon 
Shin, National Research Council of Science 
& Technology, Sejong, Korea, Republic of 
(South) 


SCIENCE INFORMING POLICY: 
RESPONSIBLE DECISION MAKING 
Erica Goldman, National Council 
for Science and the Environment, 
Washington, DC; Stephen Posner, 
COMPASS, Silver Spring, MD 


SCIENCE MEETS PARLIAMENT: 
LESSONS LEARNED 

Organized by Kylie Walker and Emma 
Johnston, Science & Technology Australia, 
Canberra, Australia 


aaas.org/meetings 


Navigating Technology 


ACCESS TO PRIVATE AND PROPRIETARY 
DATA: THEOREMS AND WORKING 
PROTOTYPES 

Organized by Daniel Goroff, Alfred P. Sloan 
Foundation, New York, NY 


Al AND MACHINE LEARNING: 
INDUSTRIAL APPLICATIONS AND 
SOCIAL IMPLICATIONS 

Organized by Sudarsan Rachuri, U.S. 
Department of Energy, Washington, 
DC; James Garrett, Carnegie Mellon 
University, Pittsburgh, PA 


CYBERSECURITY: TRANSCENDING 
PHYSICS, TECHNOLOGY, AND SOCIETY 
Organized by Kevin Fu, University of 
Michigan, Ann Arbor, MI 


HOW Al AND KNOWLEDGE CENTERS 
ARE CHANGING SOCIETAL VIEWS OF 
CRITICAL EARTH RESOURCES 
Organized by Suzanne A. Pierce, Texas 
Advanced Computing Center, Austin, TX; 
Vipin Kumar, University of Minnesota, 
Minneapolis, MN 


INEQUALITY IN NETWORKS, MINDS, 
AND MACHINES 

Organized by Keith Payne, University of 
North Carolina at Chapel Hill, NC 


MACHINE LEARNING AND 

HUMAN LANGUAGE 

Organized by Cecile McKee, University of 
Arizona, Tucson, AZ 


MACHINE LEARNING AND STATISTICS: 
APPLICATIONS IN GENOMICS AND 
COMPUTER VISION 

Organized by Hal Stern, University of 
California, Irvine, CA 


MACHINE LEARNING FOR THE 
AUTOMATION OF SCIENTIFIC 
DISCOVERY ACROSS DISCIPLINES 
Organized by Ben Wender, National 
Academies of Sciences, Engineering, and 
Medicine, Washington, DC 


MASS SPECTROMETRY: NEW 
ADVANCES IN CHEMISTRY, 
ARCHEOLOGY, AND PALEONTOLOGY 
Organized by Timothy Cleland and 
Caroline Solazzo, Smithsonian Institution, 
Suitland, MD 


MICROGRAVITY RESEARCH: TIME, 
SPACE, AND MATERIALS 

Organized by Lynnette D. Madsen, National 
Science Foundation, Alexandria, VA 


SOCIO-TECHNICAL CYBERSECURITY: 
IT’S ALL ABOUT PEOPLE 

Organized by Keith Marzullo, University of 
Maryland, College Park, MD 


Reaching Sustainable 
Development 


ADVANCING SUSTAINABLE 
DEVELOPMENT GOALS THROUGH 
CHEMISTRY 

Organized by Mary M. Kirchhoff, American 
Chemical Society, Washington, DC 


CLIMATE IMPACTS ANALYSIS: 
INTEGRATING SCIENTIFIC DISCIPLINES 
Organized by Juan-Carlos Ciscar, 
European Commission, Seville, Spain; 
Marton Hajdu, European Commission, 
Brussels, Belgium 


SUSTAINABLE DEVELOPMENT 

GOALS: NEW SCIENCE BALANCING A 
HYPERCONNECTED WORLD 

Organized by Sue Nichols and Jianguo 
(Jack) Liu, Michigan State University, East 
Lansing, Ml 


SUSTAINABLE DEVELOPMENT: 
IMPLEMENTING SYSTEMIC 
DIMENSIONS 

Organized by Jan Marco Miller, 
International Institute for Applied Systems 
Analysis, Laxenburg, Austria 


SUSTAINABLE INVESTING: SCIENCE, 
ASSET MANAGEMENT AND 
SUSTAINABLE DEVELOPMENT 
Organized by Brad Wible, Science magazine, 
Washington, DC; Charles Vorosmarty, The 
City College of New York, NY 


SUSTAINABLE TRANSITIONS: 
LEADERSHIP MODELS FOR COMMUNITY 


COLLABORATION 

Organized by Josh Tewksbury, University 
of Colorado and Colorado State University, 
Boulder, CO 


THE CARBON CYCLE: CONDITIONS 
AND OPPORTUNITIES FOR CAPTURE 
AND UTILIZATION 

Organized by Carmine Marzano, European 
Commission, Brussels, Belgium 


THE RESEARCH CLOUD: SUPPORTING 
THE SUSTAINABLE DEVELOPMENT 
GOALS 

Organized by Vinny Pillay, South African 
Department of Science and Technology, 
Brussels, Belgium 


TO SAVE 1,000,000 CHILDREN A YEAR: 
DATA, SCIENCE, AND SUSTAINABLE 
DEVELOPMENT 

Organized by Abraham Flaxman, Institute 
for Health Metrics and Evaluation, 
Seattle, WA 


Rehabilitating Habitats 


CARBON CYCLE PROCESSES, 
POLICIES, AND UNCERTAINTIES: 
NEW PERSPECTIVES 

Organized by Maureen McCarthy, 
University of Nevada, Reno, NV; Gyami 
Shrestha, U.S. Global Change Research 
Program, Washington, DC 


CLUTCHING AT STRAWS: SCIENCE 
ADVICE, UNCERTAINTY, AND GLOBAL 
MICROPLASTIC POLLUTION 
Organized by Jeremy Bray, European 
Commission, Brussels, Belgium 


EXTREME EVENT ATTRIBUTION IN THE 
CONTEXT OF CLIMATE CHANGE 
Organized by Francis Zwiers, University of 
Victoria, Canada; Debbie J. Dupuis, HEC 
Montreal, Canada 


— CLIMATE CHANGE: UNDERSTANDING 
FEEDBACK FROM NATURE, CULTURE, 
9 AND SOCIETY 
Organized by Marianne Lucien, ETH 
Zurich, Switzerland 


COMMUNITY RESPONSES TO CLIMATE 
CHANGE 

Organized by Emily Therese Cloyd and 
Elana Kimbrell, AAAS, Washington, DC 


ECOLOGIES OF INNOVATION: THE 
POTENTIAL FOR BIOTECHNOLOGY TO 
ADDRESS FOREST HEALTH 

Organized by Kara Laney, National 
Academies of Sciences, Engineering, and 
Medicine, Washington, DC 


ENVIRONMENTAL AND TEXTILE 
SCIENTISTS COMBATING 
MICROPLASTIC POLLUTION 
Organized by Margaret Murphy, 
Washington, DC; Judith Weis, Rutgers 
University, Newark, NJ 


ENVIRONMENTAL HEALTH DATA 
INTEGRATION: MEASUREMENT AND 
IMPACT 

Organized by Andrea Hodgson and Ben 
Wender, The National Academies of 
Sciences, Engineering, and Medicine, 
Washington, DC 


ENVIRONMENTAL MICROBIOMES: 
BACTERIAL AND FUNGAL 
COMMUNITIES IN EXTREME 
ECOSYSTEMS 

Organized by Barbara IIlman, U.S. Forest 
Service, Madison, WI 


HOMES AT THE CENTER OF CHEMICAL 
EXPOSURE: UNITING CHEMISTS, 
ENGINEERS AND HEALTH SCIENTISTS 
Organized by Glenn Morrison, University 
of North Carolina at Chapel Hill, NC; Jon 
Abbatt, University of Toronto, Canada 


PLASTICS IN THE OCEANS: SOURCES, 
SINKS, AND SOLUTIONS 

Organized by Linsey Haram and Christina 
Simkanin, Smithsonian Environmental 
Research Center, Edgewater, MD 


SUSTAINABILITY SCIENCE AND PUBLIC 
ENGAGEMENT: INVOLVING LAND 
OWNERS IN RESEARCH 

Organized by Kimberly La Pierre, 


Smithsonian Environmental Research Center, 


Edgewater, MD; Sally Koerner, University of 
North Carolina, Greensboro, NC 


THE FOURTH NATIONAL CLIMATE 
ASSESSMENT: ADVANCING SCIENCE, 
INFORMING DECISIONS 

Organized by Katie Reeves, U.S. Global 
Change Research Program, Washington, 
DC; Donald J. Wuebbles, University of 
Illinois at Urbana-Champaign, IL 


TRANSBOUNDARY AIR POLLUTION: THE 
IMPACT OF SCIENCE ON POLICY 
Organized by Terry Keating, U.S. 
Environmental Protection Agency, 
Washington, DC; Barry Lefer, NASA, 
Washington, DC 


Sharing Science 


A FEMINIST AGENDA FOR SCIENCE 
COMMUNICATION: NECESSARY AND 
TIMELY 

Organized by Megan Halpern, Michigan 
State University, East Lansing, MI 


AGRICULTURAL INNOVATION AND 
UPTAKE: USING A MULTI-ACTOR 
APPROACH 

Organized by Jean-Marc Gautier, Institut 
de I’Elevage, Castanet-Tolosan Cedex, 
France; Cathy Dwyer, Scotland’s Rural 
College, Midlothian, United Kingdom 


FIGHTING FAKE NEWS: VIEWS FROM 
SOCIAL AND COMPUTATIONAL SCIENCE 
Organized by Stephan Lewandowsky, 
University of Bristol, United Kingdom; 
Edward W. Maibach, George Mason 
University, Fairfax, VA 


GLOBALIZATION OF THE STEM 
WORKFORCE: IMPLICATIONS FOR 
CAREERS AND INSTITUTIONS 

Organized by Julia E. Melkers, Georgia 
Institute of Technology, Atlanta, GA; Eric 
Welch, Arizona State University, Phoenix, AZ 


HUMAN GENETIC VARIATION AND 
EDUCATION: NOT A SOCIALLY NEUTRAL 
ENDEAVOR 

Organized by Jonathan Beckwith, Harvard 
Medical School, Boston, MA; Kostia 
Bergman, Northeastern University, 
Boston, MA 


HUMAN RESOURCE DEVELOPMENT 
AND DIVERSITY: INSIGHTS FROM 
PUBLIC AND PRIVATE SECTORS 
Organized by Takashi Inutsuka, Ministry 
of Education, Culture, Sports, Science and 
Technology, Tokyo, Japan 


IMPROVING ATTITUDES TOWARDS 
CHEMISTRY THROUGH INFORMAL 
SCIENCE COMMUNICATION 

Organized by Larry Bell and David 
Sittenfeld, Museum of Science, Boston, MA 


SCIENCE ENGAGEMENT WITH FAITH 
COMMUNITIES 

Organized by Robert O'Malley, AAAS, 
Washington, DC 


SCIENTIFIC INTEGRITY: PRINCIPLES 
AND BEST PRACTICES 

Organized by Alison Kretser, International 
Life Sciences Institute North America, 
Washington, DC 


TALKING WITHOUT SPEAKING: 
OVERCOMING COMMUNICATION 
CHALLENGES WITH TECHNOLOGY 
Organized by Nan Ratner, University of 
Maryland, College Park, MD 


TECHNOLOGY TRANSFER AND 
INNOVATION: RESHAPING 
LABORATORY-MARKET RELATIONSHIPS 
Organized by Heather Evans, National 
Institute of Standards and Technology, 
Gaithersburg, MD; Anice Anderson, Private 
Engineering Consulting, Carmel, IN 


TECHNOLOGY TRANSFER FROM BLUE 
SKY SCIENCE: AVOIDING PITFALLS, 
MAXIMIZING RETURNS 

Organized by Terry O’Connor, UK Research 
and Innovation, Swindon, United Kingdom; 
Ana Godinho, CERN, Geneva, Switzerland 


THE BIOLOGY OF RESILIENCE: HOW 
SCIENCE AND FAITH COMMUNITIES 
CAN WORK TOGETHER 

Organized by Se Y. Kim and Curtis Baxter, 
AAAS, Washington, DC 


YOUTUBE: FRIEND OR FOE IN 
COMMUNICATING ABOUT SCIENCE 
AND HEALTH 

Organized by Erik Bucy and Asheley 
Landrum, Texas Tech University, Lubbock, TX 
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Flash Talks 


Brief presentations highlighting scientific findings and programs 


A Balancing Act: Navigating Jargon Use When 
Communicating with Citizen Scientists 


The Biology of Fatherhood: Adaptive Origins, Day-to-Day 
Functions, and Men’s Health 


Building a Seismic Network in Africa 


Developing Engagement Through Early Career Science 
Policy Groups 


Development of a Transdisciplinary Scale to Measure 
Household Water Insecurity 


Drivers of Data Ecologies in Genomics and the 
Infrastructure Sciences 


Engagement and the All of Us Research Program: 
Meeting People Where They Are 


Environmental Perceptions and Migration Decisions 
Within the United States Gulf Coast 


Football, Disabilities, and Engineering: Customer 
Centered Innovation 


From Pipette to Pen: A Scientist's Summer in the Newsroom 
Gut Microbiome of Bees and Wasps 


Hard Lessons from the Soft Sciences on Gender in 
Engineering and Technology 


International Partnerships and the Open Knowledge 
Africa Platform 


Career Workshops 


Opportunities to gain advice and strategies from experienced STEM professionals 


A Shared Vision: Overcoming the Barriers for Scientists to 
Communicate and Engage 


Accessibility and Inclusion in STEM Education 


Applying Negotiation Tools to Improve Communication and 
Address Conflict 


Attract Recruiters and Jump-start Networking With an All 
Star LinkedIn Profile 


Authorship Decisions: Advocating for Representation 
Conducting Science Outreach Online: Social and Multimedia 


Diversity + STEM = X: Solving the Equation for Higher 
Education and the Workforce 


Exceptional Presentations in Spite of PowerPoint: How to 
Communicate Science in the Digital Age 


Finding Your Voice: Storytelling Lessons for Scientists 


Formulate to Communicate: Heroes, Improv, and Science 
Storytelling 


From a Moment to a Movement: Building Infrastructure 
to Sustain Scientist Advocacy 


Making Hands-on Biology Experiences Accessible for Everyone 
March Mammal Madness: The Power of Science as Narrative 


The Next NASA Golden Record Anchored in Science, 
Information, and Digital Literacies 


Nonlinear Optical Study of Two-Dimensional Materials 


Optical Markers and Biomarkers for the Risk Assessment of 
Oral Premalignant Lesions 


Promising Genetic Research for Prognosis and Treatment of 
Many Cancers 


Public Engagement Leadership: A Journey From Practitioner 
to Change Agent 


Regenerative Medicine and Tissue Engineering: Transforming 
21st Century Medicine 


#ScientistsWhoSelfie: Instagramming the Way to Public Trust 
The Second Quantum Revolution 
The Shape of Human Evolution 


Using Policy Analysis to Engage Policymakers and the 
Public with Research Results 


Using Science to Engage Business 


Virtual Scientific Communities: Choose Development! 
Takes Broadening Participation to the Next Level 


Zika Virus Mediated Immunopathology: Defining Disease e @ @ € 
Damage to Infectious Agents © 


Influencing Policy: Opportunities for Scientists and Engineers € 
LGBTQ+ in Academia and the Workplace: Rights and the Law 
Making the Most of the First Two Years On the Tenure Track 


Overcoming the STEM-Policy Divide with Fellowships in 
State Governments 


Polish Pitches—For Scientists, Researchers, and 
Science Journalists 


Research Funding: Exploring Programs in the European Union 
Scholarly Publishing: Avoiding Pitfalls and Showing Impact 


Scientists Engaged in Human Rights: Professional Societies 
Offer Opportunities 


Scientists Who Draw Comics: The Double Life of Visual 
Science Communicators 


YouTube as Outreach: How to Document Research Using 
Social Media and Video 


The Gender Dimension of Science Advice 


The Global Entrepreneur: How to Harness 
International Innovation 
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Celebrating Scientific Milestones ®@ _ 
with the following special sessions and other exciting activities: 
NEARLY DOUBLE PLATINUM: THE LEGACY OF THE APOLLO ARPANET: CELEBRATING 50 YEARS 


150 YEARS OF THE PERIODIC TABLE PROGRAM: 1969 TO 2069 SINCE “LO” 


150" ANNIVERSARY OF 


PERIODIC TABLE 


0” ANNIVERSARY OF 


MOON LANDING 


50™ ANHIVERSARY OF 


ARPANET 


RACIAL Ny 


AAAS Film Showcase 
presented in partnership with bo HOLE WILD 


AlphaGo Let There Be Light 
Attenborough's Ant Mountain Mosquito 
The Kingdom—How Fungi Made Our World Space’s Deepest Secrets: Cassini's Grand Finale 


Advance registration rates are available now through January 22, 2019. 


Advance Rates for Advance Rates for On-site Rates after 
AAAS Member Non-Member 1/22/2019 
for members in good standing for all other attendees AAAS Member/Non-Member 


General Attendee $310 $440 $380/480 
Postdoc $135 $360 $135/380 
K-12 Teacher $135 $360 $135/380 
Retired Professional $250 $360 $295/380 
Student $65 $95 $75 /105 

One-Day $175 $220 $200/240 


AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF SCIENCE 


According to the 2017 Member Survey, you joined AAAS... 


to subscribe to to support formal 
Science magazine advocacy for STEM 


to be part of a to show public 
larger community support for STEM 
that supports STEM in our society 


to support STEM 
learning in our schools 


tia 
a 
A ae 


=a 
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\\ 
TELL US WHAT’S IMPORTANT TO YOU! 


The 2018 Member Survey is launching in September. Look in your inbox for a link. 


Your responses help us to better serve science, scientists, and the global community. 
Don’t miss your chance to tell us what’s most important to you! 


AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF SCIENCE 


BIOLOGY #® EARTH #® ENVIRONMENT #® LIFE #® INTERDISCIPLINARY #® PHYSICAL #® MATERIAL #® SOCIAL SCIENCES 


Science Advances | AYAAAS 


OPEN ACCESS, DIGITAL, AND FREE TO ALL READERS 


Colder Siberian 
Winters as Arctic 
Warms 


Science 
Advances 


a OPEN ACCESS 


Pushing the Boundaries of Knowledge 


As AAAS's first multidisciplinary, open access journal, Science Advances publishes 
research that reflects the selectivity of high impact, innovative research you expect 
from the Science family of journals, published in an open access format to serve a 
vast and growing global audience. Check out the latest findings or learn how to 
submit your research: ScienceAdvances.org 


BE PART OF THE CONVERSATION 


Artiticial intelligence § Astrophysics Sustainability 
Science Diplomacy § Food Security § Digital Privacy Infection Control 
Public Engagement § Climate Change Big Data 
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SEE INSIDE FOR DETAILS: 


/\ AAAS Plenary Sessions | Topical Sessions 


ANNUAL MEETING Milestone Celebrations | Scientific Sessions 


Washington, DC | Feb. 14-17, 2019 Career Workshops | Flash Talk Program 


AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF SCIENCE 


Plenary Sessions Join us in Washington, DC 


President's Address Learn about the many ways that scientific 
MARGARET A. HAMBUR . ea 
ee ee research and diplomacy overcome disciplinary 
Foreign Secretary, National F eer : : 

neadetay oF Medicine and geographic limitations: 

Fundamental . : ; 

Research at CERN « Plenary and topical sessions by accomplished speakers 
and International ¢ Celebrations of scientific milestones 


. Geet eM ¢ 120+ scientific sessions in 11 disciplinary tracks covering 


FABIOLA GIANOTTI seh : : 
Birectom General CERN! exciting advances in research and policy 
ili otea. qe alles ule * 20+ flash talk sessions on current scientific projects 
for Nuclear Research 

and initiatives 
Science Activation: 


How Do We Get Our * Opportunities to network with colleagues and attend 
Science Used by workshops on career guidance 

j ? 
See ¢ E-poster presentations highlighting science research by 
LUCY JONES : 
Founder and Chief Scientist, students and professionals 


Dr. Lucy Jones Center for 
Science and Society 


CONNECT WITH US! REPORTERS 
@AAASmeetings The AAAS Annual Meeting Newsroom 
#AAASmtg is hosted on EurekAlert! at 
eurekalert.org/aaasnewsroom 
Fi facebook.com/AAAS.Science 
MEETING APP 
INTERNATIONAL PANEL: ® aaas.org/meetings Download the meeting app for the 


most up to date program information: 


Responding Faster and Smarter 
aaas.org/app 


to New Problems 


MICHINARI HAMAGUCHI Sponso I'S As of December 2018 

President, Japan Science & 

Technology Agency ; 

MARES ECE AAAS, publisher of Science, thanks the sponsors and supporters 


AAAS President of the 2019 Annual Meeting. 


H.E. MMAMOLOKO KUBAYI-NGUBANE 
Minister of Science and Technology, Ministry 
of Science & Technology, South Africa 


JEAN ERIC PAQUET Ea Gobunonafohmon : GREAT 


European INNOVATION BRITAIN & NORTHERN IRELAND 


Director-General Research and Innovation, Commission 
European Commission 


SIR MARK WALPORT 


Federal Ministry Research in ANALOG A 
CEO, UK Research and Innovation @ | Se: i i 
| and Research et DEVICES VV Bristol-Myers Squibb 
Land of Ideas AHEAD OF WHAT'S POSSIBLE™ 


See the last page of this ad for 


information about Celebrating > aooled lives Oi) Smithsonian UCRIVERSIDE 


Scientific Milestones at the SUBARU. 
2019 Annual Meeting! 
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Topical Sessions 


* O® 


S ©0006 


Materials for the Future: 
Self-driving Laboratories 


ALAN ASPURU-GUZIK 
University of Toronto 


Plagues and Progress: Why the World is 
Getting Healthier in Worrisome Ways 


THOMAS J. BOLLYKY 
Council on Foreign Relations 


Climate Change 2019: 
Finding the Accelerator Pedal 


CHRISTOPHER B. FIELD 
Stanford University 


Organs-on-Chips Technology: 
Drug Discovery and Development 
Beyond Animal Models 


GERALDINE HAMILTON 
Emulate, Inc. 


Secrets of Spider Webs: Unraveling 
the Complexity of Spider Silk Genes 


CHERYL Y. HAYASHI 
American Museum of Natural History 


Critical Steps Toward Modernizing 
Graduate STEM Education 


ALAN I. LESHNER 
American Association for the Advancement 
of Science 


Behave: The Biology of Humans at 
Our Best and Worst 


ROBERT SAPOLSKY 
Stanford Univeristy 


Health Beyond Humanity: 

A Planetary Perspective On Our 
Past and Future 

SABRINA SHOLTS 


National Museum of Natural History, 
Smithsonian Institution 


Heredity: Our Defining Mystery 


CARL ZIMMER 
New York Times 


< U 
> 
a 
m 
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SARTON MEMORIAL LECTURE IN THE 
HISTORY AND PHILOSOPHY OF SCIENCE 


Science for Grown-Ups: Assessing 
Past and Present Adult Informal 
Science Education 


KAREN A. RADER 
Virginia Commonwealth University 


JOHN P. MCGOVERN AWARD LECTURE 
IN THE BEHAVIORAL SCIENCES 


The Gestural Origins of Language 
and Thought 

SUSAN GOLDIN-MEADOW 

University of Chicago 


Societies’ Next Steps to Combat 
Sexual Harassment in STEM 


SPEAKERS: 


DAVID ACOSTA 
Association of American Medical Colleges 


JAMIE LEWIS KEITH 
EducationCounsel LLC 


VICKI MAGLEY 
University of Connecticut 


SHIRLEY MALCOM 
American Association for the Advancement 
of Science 


BILLY WILLIAMS 
American Geophysical Union 


MODERATOR: 


ANDREW BLACK 
American Association for the 
Advancement of Science 


Download the Annual Meeting app for the most up-to-date program information: aaas.org/app 
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Scientific Sessions et ee 
Keep up with cutting edge developments in science and policy aa” 


Controlling Contagion 


ANTIBIOTIC USE IN HUMANS AND 
ANIMALS: STRATEGIES FROM SOCIAL 
SCIENCE 

Organized by Renata Ilvanek Miojevic and 
Michelle Wemette, Cornell University, 
Ithaca, NY 


EPIGENETICS IN INFECTION, DIETS, 
AND ENVIRONMENTS: RESPONSIBLE 
RESEARCH AND INNOVATION 

Organized by Vittorio Colizzi, University of 
Rome—Tor Vergata, Italy; Maria S. Salvato, 
University of Maryland School of Medicine, 
Baltimore, MD 


INFECTIOUS DISEASE CONTROL 

AND PREVENTION: THE FUTURE IS 
INTERDISCIPLINARY 

Organized by Terry O’Connor, UK Research 
and Innovation, Swindon, United Kingdom 


INFECTIOUS DISEASES: PUSHING THE 
BOUNDARIES OF PHYSIOLOGY 
Organized by Isabelle Boscaro-Clarke, 
Diamond Light Source, Didcot, United 
Kingdom 


MATHEMATICAL MODELING OF 
DISEASES: TRANSLATIONAL 
APPROACHES 

Organized by Reinhard Laubenbacher, 
UConn Health, Farmington, CT; Mark Alber, 
University of California, Riverside, CA 


OPENNESS ABOUT CLINICAL TRIAL 
RESULTS: LESSONS FROM COMPANIES 
ON THE FRONT LINE 

Organized by Sile Lane, Sense about 
Science, London, United Kingdom 


THE QUEST FOR A UNIVERSAL 

FLU VACCINE 

Organized by Karen Chandross, Sanofi, 
Bridgewater, NJ 


THE ROLE OF STEM CELLS IN THE 
FUTURE OF MEDICINE 

Organized by Jens Wilkinson, RIKEN, 
Saitama, Japan; Ayaka Nakauchi, Kyoto 
University, Japan 


THE SILENCE OF THE FROGS 

Organized by Erin Heath, AAAS, 
Washington, DC; Julia Smith, Association 
of American Universities, Washington, DC 


UNDERSTANDING ANTIBIOTIC 
RESISTANCE: REGULATION, 
QUALITY, AND ACCESS 
Organized by Muhammad Zaman, 
Boston University, MA 


VIRUSES, MICROBES, AND THEIR 
ENTANGLED FATES 

Organized by Joshua Weitz, Georgia Institute 
of Technology, Atlanta, GA; Adrienne Correa, 
Rice University, Houston, TX 


Cultivating Borderless Research 


BEYOND OR DESPITE POLITICAL 
BORDERS: SCIENCE DIPLOMACY AND 
THE CONSTRUCTION OF EUROPE 
Organized by Pascal Griset, Sorbonne 
Université, Paris, France; Elke Boers, Vrije 
Universiteit Brussel, Brussels, Belgium 


BORDER WALLS: EXCLUSIONARY 
AND INEFFECTIVE 

Organized by Dudley Poston, Texas A&M 
University, College Station, TX 


BUILDING GLOBAL RELATIONSHIPS 
THROUGH DEFENSE DIPLOMACY AND 
SCIENTIFIC COOPERATION 

Organized by Esha Mathew, AAAS, 
Washington, DC 


COMPETITIVE ADVANTAGE: 
PROTECTING THE BALANCE IN AFRICA, 
ASIA, AND EUROPE 

Organized by Aidan Gilligan, Sci\Com—Making 
Sense of Science, Brussels, Belgium; Daan du 
Toit, South African Department of Science and 
Technology, Pretoria, South Africa 


COUNTDOWN TO AFRICA’S 
SCIENTIFIC LIFTOFF 

Organized by Neil Turok, Perimeter 
Institute for Theoretical Physics, 
Waterloo, Canada 


FUNDING AGENCIES AND RESEARCH: 
COPING WITH GEOGRAPHIC AND 
DISCIPLINARY CHALLENGES 

Organized by Shaun Baron, Natural Sciences 
and Engineering Research Council of Canada, 
Ottawa, Canada; Rainer Gruhlich, German 
Research Foundation, Washington, DC 


GLOBAL SCIENCE PARTNERSHIPS 
AND LOCAL OUTCOMES 

Organized by Elizabeth Lyons, National 
Science Foundation, Alexandria, VA 


GLOBAL SCIENTIFIC COLLABORATIONS: 
NEW TRENDS 

Organized by David Cheney, Technology 
Policy international, LLC, Silver Spring, 
MD; Go Ohba, National Institute of Science 
and Technology Policy, Tokyo, Japan 


GOING GLOBAL: TOWARD A TRULY 
INTERNATIONAL PROCESS FOR 
RESEARCH INFRASTRUCTURES 
Organized by Terry O’Connor, UK Research 
and Innovation, Swindon, United Kingdom; 
Peggy Pan, Chinese Academy of Sciences, 
Beijing, China 

KILLER ROBOTS: TECHNOLOGICAL, 
LEGAL, AND ETHICAL CHALLENGES 


Organized by Toby Walsh, University of 
New South Wales, Kensington, Australia 


SCIENCE DIPLOMACY: CONTRIBUTIONS 
TO THE RESOLUTION OF CONFLICTS 
AND GLOBAL INSECURITY 

Organized by Karen Lips, University of 
Maryland, College Park, MD; Meredith 
Gore, Michigan State University, East 
Lansing, Ml 
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SCIENCE IN AFRICA: NEW PROGRAMS 
AND CONTRIBUTIONS 

Organized by Herman B White, Fermi 
National Accelerator Laboratory, Batavia, 
IL; Ketevi Assamagan, Brookhaven 
National Laboratory, Wading River, NY 


SCIENCE IN THE NEW ARCTIC: 

THE CONVERGING OF NATURAL 

AND SOCIAL SCIENCES 

Organized by Andrey Petrov, International 
Arctic Social Sciences Association, Cedar 
Falls, |A; Jack Kaye, NASA, Washington, DC 


TREATING PEDIATRIC CANCER IN 
CRISIS: LESSONS FOR DELIVERING 
CARE 

Organized by Sima Jeha, St. Jude 
Children’s Research Hospital, Memphis, TN 


Diversifying Scientific 
Contributions 


HOW PEOPLE LEARN: A NEW LOOK 
Organized by Nora Newcombe, Temple 
University, Philadelphia, PA; Zewelanji 
Serpell, Virginia Commonwealth 
University, Richmond, VA 


ACADEMIC RESEARCH ASSESSMENT: 
REDUCING BIASES IN EVALUATION 
Organized by Anna Hatch, American 
Society for Cell Biology, Bethesda, MD; 
Stephen Curry, Imperial College, London, 
United Kingdom 


EFFECTIVE MENTORING: STRATEGIES 
AND EXPERIENCES 

Organized by Maria Lund Dahlberg, 
National Academy of Sciences, 
Engineering, and Medicine, Washington, 
DC; Juan Gilbert, The University of Florida, 
Gainesville, FL 


PRACTICAL REPRODUCIBLE RESEARCH: 
REPLICATING SCIENTIFIC DISCOVERIES 
Organized by Susan Holmes, Stanford 
University, CA 


PROMOTING GENDER EQUITY IN 
STEM: TOP DOWN AND BOTTOM 

UP APPROACHES 

Organized by Christine O'Connell, Stony 
Brook University, NY; Merryn McKinnon, 
Australian National University, Canberra, 
Australia 


REDUCING SOCIETAL POLARIZATION 
ABOUT SCIENCE-BASED ISSUES: 
PROPOSED STRATEGIES 

Organized by Edward W. Maibach, George 
Mason University, Fairfax, VA 


REFUGEES AND IMMIGRANTS: 
HISTORIC CONTRIBUTIONS TO STEM 
Organized by Lynn Caporale, New York, NY 


SCIENTIFIC LEADERSHIP PROGRAMS: 
PREPARING SCIENTISTS TO MAKE 

A DIFFERENCE 

Organized by Giovanna Guerrero-Medina, 
Yale University & Ciencia Puerto Rico, New 
Haven, CT 


SEXUAL MINORITIES IN THE STEM 
PIPELINE: FROM EDUCATION TO 
WORKFORCE 

Organized by Rochelle Diamond, 
National Organization of Gay and Lesbian 
Scientists and Technical Professionals, 
Pasadena, CA 


SUPPORTING UNDERGRADUATE 
RESEARCHERS TRANSITIONING 
BETWEEN 2 AND 4 YEAR COLLEGES 
Organized by Linda M. Grisham, 
Massachusetts Bay Community College, 
Wellesley Hills, MA; Stacey Kiser, Lane 
Community College, Eugene, OR 


USING ONLINE PLATFORMS TO CREATE 
CULTURALLY RELEVANT COMMUNITIES 
OF PRACTICE 

Organized by Lou Woodley, AAAS, 
Washington, DC 


WOMEN IN SCIENCE: UNDERSTANDING 
WHAT WORKS 

Organized by Ashley Bear, National 
Academies of Sciences, Engineering, and 
Medicine, Washington, DC; Tom Rudin, 
Board on Higher Education and Workforce, 
Washington, DC 


Engaging the Human Ecosystem 


COMPUTATIONAL SOCIAL SCIENCE: 
THE NEXT DECADE 

Organized by David Lazer, Northeastern 
University, Boston, MA 


DRUG DEVELOPMENT: OVERCOMING 
OBSTACLES 

Organized by Richard Neubig, Michigan 
State University, East Lansing, MI; William 
Beck, University of Illinois, Chicago, IL 


GLOBAL NEUROSCIENCE: 
ACCELERATING BRAIN SCIENCE 
DISCOVERY 

Organized by Stephanie Albin, The Kavli 
Foundation, Los Angeles, CA 


HUMAN GENETIC RESEARCH: 
OVERCOMING RACE 

Organized by Keegan Sawyer, National 
Academies of Sciences, Engineering, and 
Medicine, Washington, DC; Michael Yudell, 
Drexel University, Philadelphia, PA 


MEDICINE, COMPUTER SCIENCE, 
AND ART: LEARNING THROUGH 
TECHNOLOGY 

Organized by Francesca Casadio, Art 
Institute of Chicago, IL 


MISSIONS TO MARS: UNDERSTANDING 
AND PREPARING TEAMS FOR 

THE FUTURE 

Organized by Noshir Contractor, 
Northwestern University, Evanston, IL 


NEUROBIOLOGICAL AND PUBLIC 
HEALTH PERSPECTIVES ON EARLY 
LIFE ADVERSITY 

Organized by Rachel Anderson, AAAS, 
Washington, DC 


NEURODEVELOPMENTAL DISORDERS: 
DEVELOPING MEDICAL TREATMENTS 
Organized by Jacqueline Crawley, 
University of California, Davis School of 
Medicine, Sacramento, CA 


NEUROLOGY AND PSYCHIATRY: 
MEETING IN THE AGING BRAIN 
Organized by Irina Esterlis, National 
Center for Post-Traumatic Stress 
Disorder, West Haven, CT 


NORDIC REGISTERS AND BIOBANKS: 

A GOLDMINE FOR PRECISION 

MEDICINE RESEARCH 

Organized by Tor Martin Nilsen, NordForsk, 
Oslo, Norway 


P7: A NEW PARADIGM FOR HEALTH 
CARE IN THE 21ST CENTURY 

Organized by Ram D. Sriram, National 
Institute of Standards and Technology, 
Gaithersburg, MD; Ramesh Jain, University 
of California, Irvine, CA 


PREVENTING SEXUAL HARASSMENT: 
NEXT STEPS FOR SCIENCE, 
ENGINEERING, AND MEDICINE 
Organized by Frazier Benya, National 
Academies of Sciences, Engineering, and 
Medicine, Washington, DC 


RACE, SEX, AND GENES: SHAPING 
BODIES, SHIFTING BOUNDARIES, 
CHALLENGING MYTHS 

Organized by Agustin Fuentes, University 
of Notre Dame, IN 


TEETH AS A BIOMARKER FOR 
ENVIRONMENTAL STRESS AND RISK OF 
DISEASE 

Organized by Pamela Den Besten, 
University of California, San Francisco, CA 


Expanding Tech Applications 
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BIG DATA: OVERCOMING CHALLENGES @ 
TO FACILITATE DATA RE-USE @ e 
Organized by Sabina Leonelli, University @ ® 
of Exeter, United Kingdom; Nancy @ @ 
J. Nersessian, Georgia Institute of © @ é 
Technology and Harvard University, © @ r) 
Cambridge, MA QO © @ ° 
®e@ @ 
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BLOCKCHAIN AND THE SCIENTIFIC 
METHOD 

Organized by Kush Varshney, IBM 
Research, Yorktown Heights, NY; Lav 
Varshney, University of Illinois at Urbana- 
Champaign, IL 


BUILDING QUANTUM COMPUTERS: 
WHY AND HOW 

Organized by Charles Clark, Joint 
Quantum Institute, Gaithersburg, MD; 
Anice Anderson, Private Engineering 
Consulting, Carmel, IN 


DRIVERLESS FUTURES: DISCIPLINES, 
SECTORS, AND GEOGRAPHIC 
CONSIDERATIONS 

Organized by Mahmud Farooque and 
Jason Lloyd, Consortium for Science, 
Policy & Outcomes, Arizona State 
University, Washington, DC 


EARTH’S MANTLE REVEALS EVIDENCE 
OF NORTH AMERICA’S STORIED 
GEOLOGICAL PAST 

Organized by Beth Grassi and Elisabeth 
Nadin, EarthScope National Office, 
Fairbanks, AK 


EARTH’S SURFACE RESPONSE TO 
EARTHQUAKES, VOLCANOES, AND 
GROUNDWATER: BULGE AND RUPTURE 
Organized by Beth Grassi and Elisabeth 
Nadin, EarthScope National Office, 
Fairbanks, AK 


ENABLING LONG-DURATION MANNED 
EXPLORATION OF SPACE: CHALLENGES 
AND NEW DEVELOPMENTS 

Organized by Sigrid Reinsch and Sandra 
Dueck, NASA Ames Research Center, 
Moffett Field, CA 


HOW NEW TECHNOLOGY AFFECTS 
SOCIETY 

Organized by Giovanni Felici, European 
esearch Council Executive Agency, 


earch Council Executive Agency, Saint- 
-ten-Noode, Belgium 


Y PROTECTION: EXPERIENCES 
E FRONT LINES 
zanized by Jerome Reiter, Duke 
ersity, Durham, NC 


OLVING THE BIGGEST MYSTERIES 
WITH THE TINIEST PARTICLES 

Organized by Kurt Riesselmann, Fermi 
National Accelerator Laboratory, Batavia, IL 


SYNTHETIC BIOLOGY AND ADAPTIVE 
MANAGEMENT 

Organized by Wayne Landis, Western 
Washington University, Bellingham, WA; 
Keegan Sawyer, The National Academies 
of Sciences, Engineering, and Medicine, 
Washington, DC 


THE ORIGIN OF GOLD, PLATINUM, 
AND OTHER HEAVY ELEMENTS IN THE 
UNIVERSE 

Organized by Reiner Kruecken and 
Jonathan Bagger, TRIUMF, Vancouver, 
Canada 


THE SCIENCE OF QUANTUM 
INFORMATION: DISENTANGLING 
OPPORTUNITIES FROM THE HYPE 
Organized by David Steuerman, The Kavli 
Foundation, Los Angeles, CA 


Feeding Society 


ADDRESSING HUNGER THROUGH 
AGRICULTURAL DISCOVERY 
Organized by Elizabeth Ainsworth, USDA 
Agricultural Research Center, Urbana, IL 


FOOD AND NUTRITION SECURITY: 
SCIENTIFIC PARTNERSHIPS AND 
OPPORTUNITIES 

Organized by Volker ter Meulen, 
InterAcademy Partnership, Trieste, Italy; 
Robin Fears, European Academies Science 
Advisory Council, Halle (Saale), Germany 


FOOD WASTE: A SOCIETAL CONCERN 
Organized by Sheril Kirshenbaum, 
Michigan State University, East Lansing, 
MI; Michael E. Webber, University of Texas 
at Austin, TX 


GENOME EDITED LIVESTOCK AND 
REGULATORY STALEMATES 
Organized by Alison Van Eenennaam, 
University of California, Davis, CA 


HUMAN INTERACTIONS, BIODIVERSITY, 
AND SOCIO-ECOLOGICAL DYNAMICS IN 
DEEP TIME, PARTS | AND II 

Organized by Stefani Crabtree, The 
Pennsylvania State University, State 
College, PA; Jennifer A. Dunne, Santa 

Fe Institute, NM 


SUSTAINABLY FEEDING TEN BILLION 
PEOPLE 

Organized by Jim Ballingall, Industry- 
Academia Partnership, Los Gatos, CA 


Forming Connections 


(IN) JUSTICE BEFORE TRIAL: 
UNDERSTANDING EARLY STEPS 

IN THE CRIMINAL JUSTICE SYSTEM 
Organized by Barbara Spellman, 
University of Virginia, Charlottesville, VA 


APPLIED SYSTEMS ANALYSIS: 
BRIDGING EAST AND WEST 

Organized by Jan Marco Miller, 
International Institute for Applied Systems 
Analysis, Laxenburg, Austria 


CENSUS 2020: RECENT CHANGES AND 
IMPACTS 

Organized by Robin Mejia, Carnegie Mellon 
University, Pittsburgh, PA 


FUNDING SCIENCE IN CANADA: 
POLITICAL INITIATIVE MEETS 
GRASSROOTS SUPPORT 

Organized by Mehrdad Hariri, Canadian 
Science Policy Centre, Toronto, Canada 


GOVERNMENT SCIENTISTS: ROLES AND 
CHALLENGES 

Organized by Margaret Taylor, Lawrence 
Berkeley National Laboratory, Berkeley, CA 


INTERNATIONAL SCIENTIFIC 
PARTNERSHIPS: OPPORTUNITIES AND 
CHALLENGES 

Organized by Caroline S. Wagner, Ohio 
State University, Columbus, OH; Rainer 
Asse, American Academy of Arts and 
Sciences, Cambridge, MA 


LEGAL PROTECTION FOR SCIENTISTS: 
OVERCOMING REAL AND PERCEIVED 
BARRIERS 

Organized by Joanne P. Carney and 
Theresa Harris, AAAS, Washington, DC 


PARTICLE PHYSICS: FRONTIER 
SCIENCE AND INTERNATIONAL 
PARTNERSHIPS 

Organized by Pushpalatha Bhat, Fermi 
National Accelerator Laboratory, Batavia, IL 


POLICYMAKERS AND COMMUNICATING 
SCIENCE: OPPORTUNITIES AND BEST 
PRACTICES 

Organized by Kei Koizumi, AAAS, 
Washington, DC; Karen Akerlof, George 
Mason University, Fairfax, VA 


SCIENCE DIPLOMACY AND NORTH 
KOREA: THE DAWN OF A NEW ERA 
Organized by Mijung Jung and Soyeon 
Shin, National Research Council of Science 
& Technology, Sejong, Korea, Republic of 
(South) 


SCIENCE INFORMING POLICY: 
RESPONSIBLE DECISION MAKING 
Erica Goldman, National Council 
for Science and the Environment, 
Washington, DC; Stephen Posner, 
COMPASS, Silver Spring, MD 


SCIENCE MEETS PARLIAMENT: 
LESSONS LEARNED 

Organized by Kylie Walker and Emma 
Johnston, Science & Technology Australia, 
Canberra, Australia 
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Navigating Technology 


ACCESS TO PRIVATE AND PROPRIETARY 
DATA: THEOREMS AND WORKING 
PROTOTYPES 

Organized by Daniel Goroff, Alfred P. Sloan 
Foundation, New York, NY 


Al AND MACHINE LEARNING: 
INDUSTRIAL APPLICATIONS AND 
SOCIAL IMPLICATIONS 

Organized by Sudarsan Rachuri, U.S. 
Department of Energy, Washington, 
DC; James Garrett, Carnegie Mellon 
University, Pittsburgh, PA 


CYBERSECURITY: TRANSCENDING 
PHYSICS, TECHNOLOGY, AND SOCIETY 
Organized by Kevin Fu, University of 
Michigan, Ann Arbor, MI 


HOW Al AND KNOWLEDGE CENTERS 
ARE CHANGING SOCIETAL VIEWS OF 
CRITICAL EARTH RESOURCES 
Organized by Suzanne A. Pierce, Texas 
Advanced Computing Center, Austin, TX; 
Vipin Kumar, University of Minnesota, 
Minneapolis, MN 


INEQUALITY IN NETWORKS, MINDS, 
AND MACHINES 

Organized by Keith Payne, University of 
North Carolina at Chapel Hill, NC 


MACHINE LEARNING AND 

HUMAN LANGUAGE 

Organized by Cecile McKee, University of 
Arizona, Tucson, AZ 


MACHINE LEARNING AND STATISTICS: 
APPLICATIONS IN GENOMICS AND 
COMPUTER VISION 

Organized by Hal Stern, University of 
California, Irvine, CA 


MACHINE LEARNING FOR THE 
AUTOMATION OF SCIENTIFIC 
DISCOVERY ACROSS DISCIPLINES 
Organized by Ben Wender, National 
Academies of Sciences, Engineering, and 
Medicine, Washington, DC 


MASS SPECTROMETRY: NEW 
ADVANCES IN CHEMISTRY, 
ARCHEOLOGY, AND PALEONTOLOGY 
Organized by Timothy Cleland and 
Caroline Solazzo, Smithsonian Institution, 
Suitland, MD 


MICROGRAVITY RESEARCH: TIME, 
SPACE, AND MATERIALS 

Organized by Lynnette D. Madsen, National 
Science Foundation, Alexandria, VA 


SOCIO-TECHNICAL CYBERSECURITY: 
IT’S ALL ABOUT PEOPLE 

Organized by Keith Marzullo, University of 
Maryland, College Park, MD 


Reaching Sustainable 
Development 


ADVANCING SUSTAINABLE 
DEVELOPMENT GOALS THROUGH 
CHEMISTRY 

Organized by Mary M. Kirchhoff, American 
Chemical Society, Washington, DC 


CLIMATE IMPACTS ANALYSIS: 
INTEGRATING SCIENTIFIC DISCIPLINES 
Organized by Juan-Carlos Ciscar, 
European Commission, Seville, Spain; 
Marton Hajdu, European Commission, 
Brussels, Belgium 


SUSTAINABLE DEVELOPMENT 

GOALS: NEW SCIENCE BALANCING A 
HYPERCONNECTED WORLD 

Organized by Sue Nichols and Jianguo 
(Jack) Liu, Michigan State University, East 
Lansing, Ml 


SUSTAINABLE DEVELOPMENT: 
IMPLEMENTING SYSTEMIC 
DIMENSIONS 

Organized by Jan Marco Miller, 
International Institute for Applied Systems 
Analysis, Laxenburg, Austria 


SUSTAINABLE INVESTING: SCIENCE, 
ASSET MANAGEMENT AND 
SUSTAINABLE DEVELOPMENT 
Organized by Brad Wible, Science magazine, 
Washington, DC; Charles Vorosmarty, The 
City College of New York, NY 


SUSTAINABLE TRANSITIONS: 
LEADERSHIP MODELS FOR COMMUNITY 
COLLABORATION 


Organized by Josh Tewksbury, University 
of Colorado and Colorado State University, 
Boulder, CO 


THE CARBON CYCLE: CONDITIONS 
AND OPPORTUNITIES FOR CAPTURE 
AND UTILIZATION 

Organized by Carmine Marzano, European 
Commission, Brussels, Belgium 


THE RESEARCH CLOUD: SUPPORTING 
THE SUSTAINABLE DEVELOPMENT 
GOALS 

Organized by Vinny Pillay, South African 
Department of Science and Technology, 
Brussels, Belgium 


TO SAVE 1,000,000 CHILDREN A YEAR: 
DATA, SCIENCE, AND SUSTAINABLE 
DEVELOPMENT 

Organized by Abraham Flaxman, Institute 
for Health Metrics and Evaluation, 
Seattle, WA 


Rehabilitating Habitats 


CARBON CYCLE PROCESSES, 
POLICIES, AND UNCERTAINTIES: 
NEW PERSPECTIVES 

Organized by Maureen McCarthy, 
University of Nevada, Reno, NV; Gyami 
Shrestha, U.S. Global Change Research 
Program, Washington, DC 


CLUTCHING AT STRAWS: SCIENCE 
ADVICE, UNCERTAINTY, AND GLOBAL 
MICROPLASTIC POLLUTION 
Organized by Jeremy Bray, European 
Commission, Brussels, Belgium 


EXTREME EVENT ATTRIBUTION IN THE 
CONTEXT OF CLIMATE CHANGE 
Organized by Francis Zwiers, University of 
Victoria, Canada; Debbie J. Dupuis, HEC 
Montreal, Canada 
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Organized by Marianne Lucien, ETH 
Zurich, Switzerland 


COMMUNITY RESPONSES TO CLIMATE 
CHANGE 

Organized by Emily Therese Cloyd and 
Elana Kimbrell, AAAS, Washington, DC 


ECOLOGIES OF INNOVATION: THE 
POTENTIAL FOR BIOTECHNOLOGY TO 
ADDRESS FOREST HEALTH 

Organized by Kara Laney, National 
Academies of Sciences, Engineering, and 
Medicine, Washington, DC 


ENVIRONMENTAL AND TEXTILE 
SCIENTISTS COMBATING 
MICROPLASTIC POLLUTION 
Organized by Margaret Murphy, 
Washington, DC; Judith Weis, Rutgers 
University, Newark, NJ 


ENVIRONMENTAL HEALTH DATA 
INTEGRATION: MEASUREMENT AND 
IMPACT 

Organized by Andrea Hodgson and Ben 
Wender, The National Academies of 
Sciences, Engineering, and Medicine, 
Washington, DC 


ENVIRONMENTAL MICROBIOMES: 
BACTERIAL AND FUNGAL 
COMMUNITIES IN EXTREME 
ECOSYSTEMS 

Organized by Barbara IIlman, U.S. Forest 
Service, Madison, WI 


HOMES AT THE CENTER OF CHEMICAL 
EXPOSURE: UNITING CHEMISTS, 
ENGINEERS AND HEALTH SCIENTISTS 
Organized by Glenn Morrison, University 
of North Carolina at Chapel Hill, NC; Jon 
Abbatt, University of Toronto, Canada 


PLASTICS IN THE OCEANS: SOURCES, 
SINKS, AND SOLUTIONS 

Organized by Linsey Haram and Christina 
Simkanin, Smithsonian Environmental 
Research Center, Edgewater, MD 


SUSTAINABILITY SCIENCE AND PUBLIC 
ENGAGEMENT: INVOLVING LAND 
OWNERS IN RESEARCH 

Organized by Kimberly La Pierre, 
Smithsonian Environmental Research Center, 
Edgewater, MD; Sally Koerner, University of 
North Carolina, Greensboro, NC 


THE FOURTH NATIONAL CLIMATE 
ASSESSMENT: ADVANCING SCIENCE, 
INFORMING DECISIONS 

Organized by Katie Reeves, U.S. Global 
Change Research Program, Washington, 
DC; Donald J. Wuebbles, University of 
Illinois at Urbana-Champaign, IL 


TRANSBOUNDARY AIR POLLUTION: THE 
IMPACT OF SCIENCE ON POLICY 
Organized by Terry Keating, U.S. 
Environmental Protection Agency, 
Washington, DC; Barry Lefer, NASA, 
Washington, DC 


Sharing Science 


A FEMINIST AGENDA FOR SCIENCE 
COMMUNICATION: NECESSARY AND 
TIMELY 

Organized by Megan Halpern, Michigan 
State University, East Lansing, MI 


AGRICULTURAL INNOVATION AND 
UPTAKE: USING A MULTI-ACTOR 
APPROACH 

Organized by Jean-Marc Gautier, Institut 
de I’Elevage, Castanet-Tolosan Cedex, 
France; Cathy Dwyer, Scotland’s Rural 
College, Midlothian, United Kingdom 


FIGHTING FAKE NEWS: VIEWS FROM 
SOCIAL AND COMPUTATIONAL SCIENCE 
Organized by Stephan Lewandowsky, 
University of Bristol, United Kingdom; 
Edward W. Maibach, George Mason 
University, Fairfax, VA 


GLOBALIZATION OF THE STEM 
WORKFORCE: IMPLICATIONS FOR 
CAREERS AND INSTITUTIONS 

Organized by Julia E. Melkers, Georgia 
Institute of Technology, Atlanta, GA; Eric 
Welch, Arizona State University, Phoenix, AZ 


HUMAN GENETIC VARIATION AND 
EDUCATION: NOT A SOCIALLY NEUTRAL 
ENDEAVOR 

Organized by Jonathan Beckwith, Harvard 
Medical School, Boston, MA; Kostia 
Bergman, Northeastern University, 
Boston, MA 


HUMAN RESOURCE DEVELOPMENT 
AND DIVERSITY: INSIGHTS FROM 
PUBLIC AND PRIVATE SECTORS 
Organized by Takashi Inutsuka, Ministry 
of Education, Culture, Sports, Science and 
Technology, Tokyo, Japan 


IMPROVING ATTITUDES TOWARDS 
CHEMISTRY THROUGH INFORMAL 
SCIENCE COMMUNICATION 

Organized by Larry Bell and David 
Sittenfeld, Museum of Science, Boston, MA 


SCIENCE ENGAGEMENT WITH FAITH 
COMMUNITIES 

Organized by Robert O'Malley, AAAS, 
Washington, DC 


SCIENTIFIC INTEGRITY: PRINCIPLES 
AND BEST PRACTICES 

Organized by Alison Kretser, International 
Life Sciences Institute North America, 
Washington, DC 


TALKING WITHOUT SPEAKING: 
OVERCOMING COMMUNICATION 
CHALLENGES WITH TECHNOLOGY 
Organized by Nan Ratner, University of 
Maryland, College Park, MD 


TECHNOLOGY TRANSFER AND 
INNOVATION: RESHAPING 
LABORATORY-MARKET RELATIONSHIPS 
Organized by Heather Evans, National 
Institute of Standards and Technology, 
Gaithersburg, MD; Anice Anderson, Private 
Engineering Consulting, Carmel, IN 


TECHNOLOGY TRANSFER FROM BLUE 
SKY SCIENCE: AVOIDING PITFALLS, 
MAXIMIZING RETURNS 

Organized by Terry O'Connor, UK Research 
and Innovation, Swindon, United Kingdom; 
Ana Godinho, CERN, Geneva, Switzerland 


THE BIOLOGY OF RESILIENCE: HOW 
SCIENCE AND FAITH COMMUNITIES 
CAN WORK TOGETHER 

Organized by Se Y. Kim and Curtis Baxter, 
AAAS, Washington, DC 


YOUTUBE: FRIEND OR FOE IN 
COMMUNICATING ABOUT SCIENCE 
AND HEALTH 

Organized by Erik Bucy and Asheley 
Landrum, Texas Tech University, Lubbock, TX 
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Flash Talks 


Brief presentations highlighting scientific findings and programs 


A Balancing Act: Navigating Jargon Use When 
Communicating with Citizen Scientists 


The Biology of Fatherhood: Adaptive Origins, Day-to-Day 
Functions, and Men’s Health 


Building a Seismic Network in Africa 


Developing Engagement Through Early Career Science 
Policy Groups 


Development of a Transdisciplinary Scale to Measure 
Household Water Insecurity 


Drivers of Data Ecologies in Genomics and the 
Infrastructure Sciences 


Engagement and the All of Us Research Program: 
Meeting People Where They Are 


Environmental Perceptions and Migration Decisions 
Within the United States Gulf Coast 


Football, Disabilities, and Engineering: Customer 
Centered Innovation 


From Pipette to Pen: A Scientist’s Summer in the Newsroom 
Gut Microbiome of Bees and Wasps 


Hard Lessons from the Soft Sciences on Gender in 
Engineering and Technology 


International Partnerships and the Open Knowledge 
Africa Platform 


Career Workshops 


Opportunities to gain advice and strategies from experienced STEM professionals 


A Shared Vision: Overcoming the Barriers for Scientists to 
Communicate and Engage 


Accessibility and Inclusion in STEM Education 


Applying Negotiation Tools to Improve Communication and 
Address Conflict 


Attract Recruiters and Jump-start Networking With an All 
Star LinkedIn Profile 


Authorship Decisions: Advocating for Representation 
Conducting Science Outreach Online: Social and Multimedia 


Diversity + STEM = X: Solving the Equation for Higher 
Education and the Workforce 


Exceptional Presentations in Spite of PowerPoint: How to 
Communicate Science in the Digital Age 


Finding Your Voice: Storytelling Lessons for Scientists 


Formulate to Communicate: Heroes, Improv, and Science 
Storytelling 


From a Moment to a Movement: Building Infrastructure 
to Sustain Scientist Advocacy 


AAAS ANNUAL MEETING | February 14-17, 2019 | Washington,DC | #AAASmtg 


Making Hands-on Biology Experiences Accessible for Everyone 
March Mammal Madness: The Power of Science as Narrative 


The Next NASA Golden Record Anchored in Science, 
Information, and Digital Literacies 


Nonlinear Optical Study of Two-Dimensional Materials 


Optical Markers and Biomarkers for the Risk Assessment of 
Oral Premalignant Lesions 


Promising Genetic Research for Prognosis and Treatment of 
Many Cancers 


Public Engagement Leadership: A Journey From Practitioner 
to Change Agent 


Regenerative Medicine and Tissue Engineering: Transforming 
21st Century Medicine 


#ScientistsWhoSelfie: Instagramming the Way to Public Trust 
The Second Quantum Revolution 
The Shape of Human Evolution 


Using Policy Analysis to Engage Policymakers and the 
Public with Research Results 


Using Science to Engage Business 


Virtual Scientific Communities: Choose Development! 
Takes Broadening Participation to the Next Level 


Zika Virus Mediated Immunopathology: Defining Disease e @ 


Damage to Infectious Agents 


Influencing Policy: Opportunities for Scientists and Engineers 
LGBTQ+ in Academia and the Workplace: Rights and the Law 
Making the Most of the First Two Years On the Tenure Track 


Overcoming the STEM-Policy Divide with Fellowships in 
State Governments 


Polish Pitches—For Scientists, Researchers, and 
Science Journalists 


Research Funding: Exploring Programs in the European Union 
Scholarly Publishing: Avoiding Pitfalls and Showing Impact 


Scientists Engaged in Human Rights: Professional Societies 
Offer Opportunities 


Scientists Who Draw Comics: The Double Life of Visual 
Science Communicators 


YouTube as Outreach: How to Document Research Using 
Social Media and Video 


The Gender Dimension of Science Advice 


The Global Entrepreneur: How to Harness 
International Innovation 
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Celebrating Scientific Milestones ®@ Ang 
with the following special sessions and other exciting activities: 
NEARLY DOUBLE PLATINUM: THE LEGACY OF THE APOLLO ARPANET: CELEBRATING 50 YEARS 


150 YEARS OF THE PERIODIC TABLE PROGRAM: 1969 TO 2069 SINCE “LO” 


150" ANNIVERSARY OF 0° ANNIVERSARY OF 50” ANNIVERSARY OF 


PERIODIC TABLE MOON LANDING ARPANET 
aN, 
oR 


° 


RIAN 


AAAS Film Showcase 
presented in partnership with bo HOLE WILD 


AlphaGo Let There Be Light 
Attenborough's Ant Mountain Mosquito 
The Kingdom—How Fungi Made Our World Space’s Deepest Secrets: Cassini's Grand Finale 


Advance registration rates are available now through January 22, 2019. 


Advance Rates for Advance Rates for On-site Rates after 
AAAS Member Non-Member 1/22/2019 


for members in good standing for all other attendees AAAS Member/Non-Member 


General Attendee $310 $440 $380/480 
Postdoc $135 $360 $135/380 
K-12 Teacher $135 $360 $135/380 
Retired Professional $250 $360 $295/380 
Student $65 $95 $75 /105 

One-Day $175 $220 $200/240 
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mylIDP: A career plan 
SCIENCE CAREERS customized for you, by you. 


Hi 


ADVERTISING 


online @sciencecareers.org 


For full advertising details, go 

to ScienceCareers.org and click 
For Employers, or call one of our 
representatives. 
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For your career in science, there’s only one Sejence 


AMERICAS 


+1 (202) 326 6577 

+1 (202) 326 6578 
advertise@sciencecareers.org 
Recommended by 
leading professional 


EUROPE, INDIA, AUSTRALIA, . 
NOCMESE ICES §— societies and the NIH 


NEW ZEALAND, REST OF 
WORLD 


+44 (0) 1223 326527 
advertise@sciencecareers.org 


Features in myIDP include: 


= Exercises to help you examine your skills, interests, 


CHINA, KOREA, SINGAPORE, and values. 
TAIWAN, THAILAND 


+86 (131) 4114 0012 
advertise@sciencecareers.org 


= Alist of 20 scientific career paths with a prediction of 
which ones best fit your skills and interests. 


= A tool for setting strategic goals for the coming year, with 
JAPAN optional reminders to keep you on track. 


+81 (3) 6459 4174 


sdverieee@eeeneeeseiere = Articles and resources to guide you through the process. 


= Options to save materials online and print them for further 
JOB BOARD SUPPORT review and discussion. 


support@sciencecareers.org # Ability to select which portion of your IDP you wish to 
share with advisors, mentors, or others. 


= Acertificate of completion for users that finish myIDP. 


ScienceCareers 


FROM THE JOURNAL SCIENCE TAVAAAS 


Visit the website and start planning today! 
ScienceCareers.org myIDP.sciencecareers.org 


— ScienceCareers In partnership with: 


All ads submitted for publication must comply with 
AYAAAS 


applicable U.S. and non-U.S. laws. Science reserves 
the right to refuse any advertisement at its sole 
discretion for any reason, including without limitation 
for offensive language or inappropriate content, sciences 

and all advertising is subject to publisher approval. gor, BURROUGHS 
Science encourages our readers to alert us to any ads 
that they feel may be discriminatory or offensive. 
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Marine Biological Laboratory 
B CHICAGO 


Faculty Position in Evolutionary 
Genomics and Molecular Evolution 


Josephine Bay Paul Center for Comparative 
Molecular Biology and Evolution, 
Marine Biological Laboratory 


The Josephine Bay Paul Center at the Marine Biological 
Laboratory (MBL) invites applications for a faculty position at 
the Assistant Scientist level in the area of evolutionary and 
functional genomics. The successful candidate will apply 
experimental and computational approaches to research areas 
including but not limited to: microbiome interactions, 
functional studies of host-associated marine microbial 
communities, evolutionary and ecological changes in marine 
systems, or genomic and transcriptomic studies of marine 
organisms. 


The Bay Paul Center and the MBL have strengths in molecular 
evolution, functional genomics, microbial diversity and 
ecology, advanced imaging, and marine animal husbandry. 
The Center maintains state-of-the-art facilities for high- 
throughput sequencing and computational analysis. The 
MBL, an affiliate of the University of Chicago, has a 
distinguished history in fundamental biological discovery, now 
with a renewed focus on marine organisms, microbiomes, and 
the impact of environmental change on coastal ecosystems. 


Qualifications: 

Applicants must hold a Ph.D. (or equivalent advanced degree) 
in a relevant field. The successful candidate will demonstrate 
strong potential for establishing a vigorous extramurally 
supported research program that can complement existing 
areas of strength across the institution's research and 
educational programs. 


Applications: 

The MBL is an Affirmative Action/Equal Opportunity/ 
Disabled/Veterans Employer and strongly encourages 
applications from candidates who would contribute to the 
diversity of its research community. Applications will be 
reviewed immediately upon receipt and will continue on a 
rolling basis until the position is filled. Those interested in the 
position should submit an application, including a CV, short 
summary of accomplishments and future research interests, 
and the names and contact information of at least three 
references to research@mbl.edu. 


For full consideration applications should be 
submitted by March 1, 2019 


The UNIVERSITY of OKLAHOMA 


Health Sciences Center 


POSITION DESCRIPTION CHAIR 
Department of Biochemistry and Molecular Biology 
College of Medicine 


The University of Oklahoma College of Medicine, in conjunction with the 
Oklahoma Center for Geroscience, seeks a distinguished academic leader 
in Aging research for the position of Chair of Biochemistry and Molecular 
Biology. Appointment will be at the level FULL PROFESSOR with 
TENURE-ELIGIBILITY. A qualified applicant for this ENDOWED position 
must have a PhD, MD or MD/PhD. 


The Department of Biochemistry and Molecular Biology has a diverse faculty 
with interests in biochemical mechanisms of neuro-degeneration, aging, 
metabolic regulation or structural biology. The University of Oklahoma Health 
Sciences Center is an actively growing campus with 7 colleges and three (3) 
hospitals (OU Medical Center, OU Children’s Hospital and the Veteran’s 


Affairs Medical Center). The environment to conduct scientific research and 
interact with colleagues is excellent. 


Over the past decade, OUHSC has developed a nationally recognized 
program in aging, which includes a P-30 Nathan Shock Center of Excellence, 
GeroScience CoBRE, and a T32 Training program in Geroscience. The Chair 
of the Department of Biochemistry and Molecular Biology is expected to play 
a major role in developing the newly developed GeroScience Center but to 
also integrate into OUHSC’s research strategic plan to expand the relationship 
between the NCI-Designated Stephenson Cancer Center and the Harold Hamm 
Diabetes Center as well as other departments on campus. 


Interested candidates should send a CV and cover letter describing academic 
accomplishments and leadership vision to: Ann Louise Olson, PhD, Chair, 
Search Committee, Department of Biochemistry and Molecular Biology, 
University of Oklahoma Health Sciences Center, Oklahoma City, OK 
73104 (ann-olson@ouhsc.edu). 


University of Oklahoma Health Sciences Center is an Equal Employment 
Opportunity and Affirmative Action Institution http://www.ou.edu/eoo/. 
Individuals with disabilities and protected veterans are encouraged to apply. 


Advance your 
career with expert 
advice from 

Science Careers. 


(3) Download Free Career Advice Booklets! 


ScienceCareers.org/booklets 
Swe oe 


Science Careers 


FROM THE JOURNAL SCIENCE MNAAAS 


Featured Topics: 

= Networking 

= Industry or Academia 
= Job Searching 

= Non-Bench Careers 

= And More 


Gai, Shenzhen Technology University 
| Seeks Talents Globally: Shenzhen, China 


Shenzhen Technology University 

Funded by the Municipal Government of Shenzhen, Shenzhen Technology Uni- 
versity (SZTU) was established in Pingshan District of Shenzhen. With the strong 
financial support and favorable policies from Shenzhen government, Shenzhen 
Technology University (SZTU) aims to be a high degree university of applied 
sciences and technologies. The total campus area will be 150 hectares. 


Mission 

To meet the urgent demand from the advanced manufacturing industry locally and 
nationally, the future SZTU is obligated to produce talent with spirit of craftsmanship 
such as senior engineers and architects. SZTU aims to establish itself as an open and 
innovative international university with Chinese characteristic and global outlook. 


Education Mode 

By learning from the dual system of Germany, SZTU will implement a modern appren- 
ticeship system in teaching. The university is geared to meet the demands of high-end 
manufacturing industry with the orientation of employment and entrepreneurship. It is 
based on enhancing the capacity of engineering, practice and innovation. SZTU will 
explore a new education mode of applied sciences by joining efforts between industries 
and universities, between production and teaching, between practice and learning. 


Talent Cultivation 
In terms of talents training, SZTU is exploring a new mode of “university educa- 


Recruitment Disciplines and Majors: 


tion t+enterprise internshipt+engineering projects”. In accordance with the principle 
of producing talents in applied sciences with market orientation, SZTU will push 
the cooperation between industries and universities to a new height; put more 
focus on the assessment of practical capability and undergo small-sized teaching; 
promote the integration among teaching, learning and practical training; recruit 
students from diversified sources. SZTU will try to realize Five Connections: con- 
nection between specialty setup and industry needs, connection between curricu- 
lum setting and professional criteria, connection between teaching processing and 
production processing, connection between diploma and professional certificate, 
and connection between vocational education and lifelong study. 


Specialty Setup 

SZTU sets up specialties and courses according to the needs of industrial chain and 
innovative chain. To meet the demand of pillar industry , strategic emerging industry 
and future industry in Shenzhen, the newly issued Shenzhen Action on Made in Chi- 
na 2025 defines eleven strategic key areas for the advanced manufacturing industry 
of Shenzhen (Digitalized Network Equipment, New-type Display, Integrated Cir- 
cuit, New-type Components and parts, Robots, Precision Manufacturing Equipment, 
New Material, New Energy Automobile, Aeronautics and Space, Marine Engineer- 
ing Equipments, Gene Engineering equipment), based on this, SZTU has set up six 
colleges in the first period: Intelligent Manufacturing, Big Data and Internet, Urban 
Transportation and Logistics, New Materials and New Energies, Health Science and 
Environmental Engineering and Creative Design. 


Sino-German College of Intelligent 
Manufacturing 

Control Science and Engineering, 
Electronic Science and Technology, 
Automatic Control, Mechanical 
Engineering, Control Science or Elec- 
tromechanical, Optical Engineering, 
Physics and other related majors. 


College of Big Data and Internet 
Computer Science and Technology, 
Electronic Science and Technology, 
Information and Communication En- 
gineering, Information Security. 


College of Urban Transportation and 
Logistics 

Vehicle Engineering, Vehicle Operation 
Engineering, Electrical Engineering, 
Mechanical Engineering, Control En- 
gineering, Combustion Engine, Energy 
and Control Engineering, Transporta- 
tion Engineering, Civil Engineering, 
Transportation, Microcontrollers and 
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Computer Science, Instrumentation and 
Measurement, Business and Manage- 
ment, Surveying and Mapping, Urban 
Planning, Logistics, Supply Chain Man- 
agement, Transportation Management, 
Transport Policy and Economics. 


College of New Materials and New 
Energies 

Mechanical Engineering (Renewable Energy 
area), Communication Engineering, Measure- 
ment, Control Technology and Instruments, 
Electrical Engineering and Automation, Optic 
Engineering, Electronic Information, Energy 
and Power Physics, Material and Condensed 
Matter Physics, Physics, Material Science and 
other related majors. 


College of Health Science and Envi- 
ronmental Engineering 

Biology-related majors (i.e. Biochem- 
istry, Molecular Biology, Cell Biology, 
etc.), Medical Apparatus Engineering, 
Biomedical Engineering (Biophysics, 


Bioinformatics-oriented majors). 


College of Creative Design 

Environment Design(Environment De- 
sign, Architectural design and its theory, 
Landscape Design ,Sight Design or Interior 
Design); Industrial Design(Product Design, 
Jewelry Design or Interactive Design); Dig- 
ital Media Arts; Fine Art(Chinese Painting, 
Sculpture arts, Arts and Crafts or Art theory). 


Faculty of Arts and Sciences 

English (English Language Teacher — 
Native/Chinese speakers), German 
(German Language Teacher —Native/ 
Chinese speakers), Computer Science or 
related, Mathematics or related, Physics. 


How to apply 

Qualified applicants are strongly encour- 
aged to submit their application documents 
electronically to recruitment@sztu.edu.cn. 
Please title your email as “Full Name of Ap- 
plicant + Job Title + Science” (for example: 


Human Resources Office 
Shenzhen Technology University 
Email: recruitment@sztu.edu.cn 


Tel: +86-755-232 
University We 


Recruitment Website: ht 


ztu.edu.cn/ (English) 
ohr.sztu.edu.cn/ 


James + ZO1 + Science). 

Please scan the QR code of recruit- 
ment information below to get more 
details about Job Title. 

Application materials sent incon- 
sistently with our requirements will be 
considered as invalid. > 

Application Documents should include: 
(1) A comprehensive curriculum vitae 
with a list of publications 

{Work experience (full-time), Educa- 
tion experience (fill in from undergrad- 
uate stage), overseas exchange program 
experience (for example: visiting schol- 
ar experience) must be included also}; 
(2) Copies of highest academic degree 
and related qualification certificates; 
(3) A statement of future teaching & 
research plan; 

(4) Application form (Please download 
the application form by scanning the 
QR code below, for Chinese-speaking 
applicants please fill out both Chinese 
and English application forms). 
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Register for a free online account on 
ScienceCareers.org. 


Search thousands of job postings and find 
your perfect job. 


Sign up to receive e-mail alerts about job 
postings that match your criteria. 


Upload your resume into our database and 
connect with employers. 


Watch one of our many webinars on 
different career topics such as job 
searching, networking, and more. 


Download our career booklets, including 
Career Basics, Careers Beyond the Bench, 
and Developing Your Skills. 


Complete an interactive, personalized 
career plan at “my IDP.” 


Visit our Career Forum and get advice from 
career experts and your peers. 


Research graduate program information 
and find a program right for you. 


Read relevant career advice articles from 
our library of thousands. 
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FROM THE JOURNAL SCIENCE JAVAAAS 


UPMC | tixcze 
CANCER CENTER 
Affiliated with the University of Pittsburgh School of Medicine 
Assistant Director / Associate Director for Research Administration 


UPMC Hillman Cancer Center (Hillman) seeks a talented and experienced individual to step into a highly supportive environment as Assistant/Associate Director 
(AD) for Research Administration. This is a very exciting time for a new AD for Administration to join Hillman. Hillman is strongly supported by UPMC and 
the University of Pittsburgh School of Medicine. The Hillman Foundation recently committed a large amount of continued support for our Center over the next 
10 years. The new AD will collaborate with Hillman CC members to promote and invest these funds in strategic new projects, recruits, shared resources, and pilot 
programs. With our re-naming as UPMC Hillman Cancer Center, a new Director, and upcoming expansion of space for Hillman researchers, Hillman is unified and 
supportive of cancer research, prevention and therapy. 


The AD for Research Administration reports directly to the Deputy Director for Research Administration and is a member of Hillman’s leadership team. Primary duties 
and responsibilities include: oversight and management of Hillman facilities, scientific shared resources, development, facilitation and support of multi-component 
team science cancer research programs as well as spearheading internal and external collaborative research endeavors. To meet the position requirements, the AD 
for Research Administration will collaborate with a team of administrators and PhD-level scientists, coordinate vision setting and strategic planning; support and 
participate in CCSG Research Program and Shared Resource activates; develop operational and administrative policies and procedures; work with the Hillman 
Fiscal Office to develop budgets and monitor spending; develop staff and space utilization plans; oversee facility operations; and communicate research outcomes 
to Hillman investigators, the NCI, and the public. To facilitate and advance Hillman science, the AD will also: coordinate CCSG preparation and submission; grow 
the funded research base, with emphasis on multi-disciplinary collaboration with internal and external investigators; work with the Hillman Development Office to 
promote and increase philanthropic donations; assist in recruitment of faculty. 


Located in the City of Pittsburgh’s Shadyside neighborhood, (Pittsburgh is routinely ranked as one of the top-most livable and affordable U.S. cities), Hillman is a 
National Cancer Institute (NCI)-designated matrix cancer center focused on state-of-the-art cancer research, training the next generation of cancer researchers, and 
community outreach. In 2015, Hillman celebrated its 30" anniversary and the renewal of its 5-year NCI Cancer Center Support Grant (CCSG). Hillman has over 330 
members, 10 scientific programs, 13 CCSG-supported shared resources, and an FY17 institutional funding base of nearly $157 million. In FY16 the University 
of Pittsburgh ranked #5 in overall NIH funding. During its 2015 CCSG review, Hillman Research Administration scored exceptional. 


Candidates for the position must have a PhD or master’s degree in business, administration, policy, or other research administration-relevant field. Candidates also 
must have 5+ years in research administration, which includes an understanding of the regulatory requirements and complexities pertaining to animal and clinical 
research; familiarity with NCI CCSG requirements; experience with NCI-funded cancer centers; and excellent written and oral communication, computer, people 
management, and interpersonal skills. Candidate will be an Assistant or Associate Professor commiserate with experience. 


The successful candidate will be hired as an employee of the University of Pittsburgh, with a very competitive salary and benefits package (see www.hr.pitt.edu/ 
benefits). The University of Pittsburgh is an equal opportunity employer. EEO/AA/M/F/Vets/Disabled. 
To apply for the position of Associate Director for Research Administration at UPMC Hillman Cancer Center, please send a 1-page personal statement highlighting 
your qualifications and experience, along with your CV or resume, to Hillman Director Robert L. Ferris, MD, PhD (care of thompsonla3@upmc.edu). 

Robert L. Ferris., MD, PhD, Director, UPMC Hillman Cancer Center 


C/O Lola Thompson, 5150 Centre Avenue, Suite 500 
Pittsburgh, PA 15232 


TEXAS TECH UNIVERSITY 

_ HEALTH SCIENCES CENTER. 
School of Medicine 
Department of Cell Biology and Biochemistry 


ENDOWED CHAIR IN CANCER RESEARCH 
TEXAS TECH UNIVERSITY HEALTH SCIENCES CENTER, LUBBOCK 


The Department of Cell Biology and Biochemistry in the TTUHSC School of Medicine seeks to recruit an established investigator to fill the Weitlauf 
Endowed Chair in Cancer Biology. This endowed position, together with potential for considerable state recruitment and ongoing research funding from 
the Cancer Prevention Research Institute of Texas (CPRIT) (http://www.cprit.state.tx.us), represents an outstanding opportunity for a senior or rising mid- 
career investigator. The successful candidate will have established a strong track record of discovery with a primary interest in cancer biology. The position 
is otherwise not restricted with respect to research area within cancer biology, so we invite applications from investigators with any such interests, from 
the basic scientific underpinnings of cancer to translational research in cancer therapies. 


The department (https://www.ttuhsc.edu/medicine/cell-biology-biochemistry/default.aspx) is currently comprised of fourteen full-time faculty. Current 
faculty study biochemistry and cellular and molecular biology of widely ranging topics in medicine and biology, including cancer, reproduction, diabetes, 
metabolism, development, and genetic and neurodegenerative diseases. We enjoy a collegial and cooperative research environment both within and between 
departments that is especially conducive to collaboration and scientific discourse. 


This endowed position will be a primary appointment in the School of Medicine, with state-supported salary, and a concurrent appointment in the Graduate 
School of Biomedical Sciences that affords opportunity to recruit and advise excellent graduate students from the Biomedical Sciences and Biotechnology 
graduate programs. Salary and lab set-up package are nationally competitive. Applicants must have a terminal degree (Ph.D., M.D. or US Equivalent) and a 
commitment to sustained research in cancer biology. Ability and enthusiasm for teaching will be a consideration but not a requirement. The Department of 
Cell Biology and Biochemistry is committed to diversity in education and employment, and strongly encourages applications from women and minorities. 


TTUHSC is in Lubbock, Texas, a family-friendly city of more than 250,000 residents on the South Plains of West Texas. Our region boasts a diverse 
economy with strengths in agriculture, heath care, and higher education. Lubbock is home to Texas Tech University providing educational and entertainment 
opportunities in collegiate athletics and the performing arts. The city’s K-12 school system provides a solid education for children to achieve at the highest 
levels, including magnet, AP, and International Baccalaureate programs. Lubbock weather is mild, with an average of 262 days of sunshine per year. 


Interested candidates must apply online at https://www.ttuhse.edu/medicine/cell-biology-biochemistry/positions.aspx. Requisition ID: 16300BR. 
Candidates should submit a single PDF that includes a cover letter describing their interest in the position (including possible collaborations with current 
faculty), curriculum vitae, and a brief summary of research interests. Candidates should also provide names of three individuals from whom recommendation 
letters may be requested. 

3601 4 Street STOP 6540 | Lubbock, TX 79430-6540 | T 806.743.2700 | F 806.743.2990 


An EEO/Affirmative Action Institution. 
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WORKING LIFE 


By Victor S. C. Wong 
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Lessons from a postdoc gone wrong 


sat hunched over my computer screen, analyzing data, when a university administrator walked 

into our lab and handed out a series of sealed envelopes. Puzzled, I opened the letter addressed 

to me: “It has become necessary for the University to effect a layoff of your position as a Post- 

doctoral Scholar.” In silence, my labmates opened their own letters, all of which said essentially 

the same thing. I knew that our lab was under investigation, but I had no inkling that my job was 

in jeopardy, so the news came as a huge shock. My mind raced from concerns about my personal 
finances—“How will I pay rent?”—to questions about my future in science: “How will we finish our 
experiments? Will this mark the end of my research career?” 


Three years earlier, I had started 
my postdoc brimming with enthu- 
siasm, excited to work for a brilliant 
scientist on a project that, we hoped, 
would help people with hearing 
loss—a group that includes me. 
My enthusiasm was short-lived. 
Almost as soon as I arrived, it be- 
came clear that the lab had prob- 
lems. For one, my supervisor had 
been receiving animal care viola- 
tion warnings for the lab’s work 
with mice for years. They contin- 
ued to pile up during my tenure, 
at times forcing us to suspend our 
experiments. Eventually, our fund- 
ing was cut off entirely and the lab 
was shut down. 

I ended up digging out of the 
mess and moving on to a second 
postdoc. Now I’m back to doing 
research that I love in a functional 
lab, and I’m glad I persevered. But 
looking back, I wish I hadn’t sunk so much time into my 
first postdoc lab. I should have quit and moved on much 
sooner. For others who may be in similar situations, here 
are tips to avoid drowning with a sinking ship. 


DO NOT BE BLINDED BY PASSION. Enthusiasm and drive are 
key ingredients for scientific careers. However, they can be 
problematic when they prevent you from seeing warning 
signs clearly. My intense desire to find treatments to re- 
verse hearing loss led me to mistakenly write off serious lab 
issues as small bumps in the road. Had I been more objec- 
tive, I would have realized that those “bumps” were actually 
major obstacles. 


TAKE PERSONNEL DYNAMICS SERIOUSLY. Collaboration and 
teamwork are essential in science; you can’t function as an 
island. Blinded by passion, I disregarded the lack of honest 


communication with my supervi- 
sor about the problems in our lab. 
In retrospect, that was an obvious 
warning sign. 


DO NOT BETRAPPED BY FEAR. I fretted 
that if I didn’t publish anything from 
my postdoc, no one would hire me. 
That’s one reason I stuck with my ill- 
fated lab. But the concern turned out 
to be unfounded. Finding a new po- 
sition after I was laid off wasn’t easy, 
but I survived by being transparent 
about what happened and pushing 
forward with confidence. One thing 
that helped me move past my post- 
doc mess was looking back at my 
past successes to remind myself that 
Iam a good scientist. 


“T wish I hadn't sunk so much 
time into my first postdoc.” 


FOCUS ON YOURSELF. Pointing fin- 
gers is easy, but burning bridges— 
and wasting energy on casting 
blame—won’t help you move forward. When problems 
arise, don’t engage in pointless battles. Instead, take stock 
of your situation and decide what’s best for you. Write down 
the pros and cons of your job; examine your career goals; 
and talk to your trusted mentors, colleagues, friends, and 
family. Along the way, be open to the possibility that it may 
be best to quit. 


DO NOT WAIT FOR THE LAST STRIKE. Don’t waste time in a bad 
environment. During my 3 years in my first postdoc lab, 
there were many times when I should have quit, but instead 
I hung on, hoping the situation would improve. Your life is 
not a game. Don’t wait for strike three. 


Victor S. C. Wong is a postdoctoral fellow at Weill 
Cornell Medicine in New York City. Send your career 
story to SciCareerEditor @aaas.org. 
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